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Dielectrophoretic Force 
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Department of Physics, Oklahoma State University, 
Stillwater, Oklahoma 74074, U.S.A. 


(Received 28 July 1971) 


Non-uniform electric fields produce motion (dielectrophoresis) of cells 
and other neutral bodies suspended in liquid media. The general force 
expression for this new and useful technique is derived. The equation is a 
general one, capable of including frequency-dependent conduction or 
polarization mechanisms as well as provision for various desired geometric 
distributions of dielectrics. It forms the basis for studying interpretive 
~models of the dielectrophoretic response of suspended bodies such as 
cells and organelles. 


1. Dielectrophoretic Force 


n the discussion we shall present a generalized theory of the dielectrophoretic 
orce on a body suspended in a fluid. As we shall show from experimental 
xperience with cellular dielectrophoresis, it is desirable that the theory be 
eneral enough to handle at least two basic mechanisms, one affecting 
onduction, the other affecting polarization. Having the generalized force 
xpression then permits the later comparison with experiment of various 
pecific model geometries and polarization mechanics. This should then 
ermit more flexible insight into the ways in which cells respond to electrical 
orces. 

In a non-uniform electric field (a.c. or d.c.) a neutral body such as a cell is 
sually constrained to move toward the region of greatest field intensity. 
uch motion induced by the action of a non-uniform electric field on a 
olarizable object is termed dielectrophoresis (Pohl, 1951, 1958). It is to be 
istinguished from electrophoresis which is motion caused by the action of an 
lectric field (whether uniform or non-uniform) on a charged object. Di- 
lectrophoresis, acting in effect upon the dielectric constant rather than upon 
he charge, has proven to be useful in making selective separations of either 
ving or inanimate systems, and in studying the nature of individual systems 
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(Pohl, 1960a,b, 1968; Pohl & Plymale, 1960; Pohl & Schwar, 1960; Pohl & 
Hawk, 1966; Crane & Pohl, 1968; Pohl & Pickard, 1969; Pohl & sa 
1971). 

It has been shown that the dielectrophoretic response of living cells ath 
organelles suspended in aqueous media varies greatly with the frequency o! 
the applied field and with the conductivity of the liquid medium (Crane & 
Pohl, 1968; Wiley, 1970; Crane, 1970). A typical curve is shown sketched ir 
Fig. 1. The amount of cells collected in a minute’s time at a fixed voltage, etc. 
is shown as a function of frequency. It can be seen that there are frequency 
ranges over which no collection occurs, i.e. in which the cells act as if they 
are less polarizable than the aqueous medium. In the curve shown there are 
indications of three frequency ranges in which cell collection at the hi 
field region is strong, and other regions in which no collection occurs. The 
actual shape of the frequency vs. dielectrophoretic response curve varies wit 
the type of organism and with its physiological state. Some cells show but 
single peak, some show as many as three. We should like to be prepared te 
explain such response variations. 


Yield (arbitrary units ) 


102 104% 108 108 
Log [frequency (vr) ] 


Fic. 1. A typical (diagrammatic) yield spectrum obtained with the dielectrophoresis of ; 
suspension of living cells. 


Let us consider first a set of mechanisms by which frequency varian 
polarization could arise, then finally a generalized theory which can accom 
modate any such mechanism. 

For a perfectly insulating spherical particle of radius a and permittivity é 
suspended in an insulating fluid medium of permittivity ¢, the dielectro 
phoretic force can be shown to be: 


€1(62 —£,) V(E)” : 


F = 2na* 1 
€2 +2e, i CG 
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where E is the r.m.s. value of the applied field strength. Starting with this 
quation and assuming the field to be that between concentric spherical 
lectrodes, it is possible to show that the yield, y (expressed as the length of 
he chains of particles formed) is given by (Pohl, 1951, 1958) 


_ 8na*CVr, [pee ea]™ 


vhere C is the particle suspension concentration, r, and r, are the respective 
adii of the inner and outer spherical electrodes, V is the applied r.m.s. voltage, 
‘is the elapsed time, and 7 is the viscosity of the suspending medium. 

_ Application of equation (2) to real systems (i.e. to real, not “perfect” 
lielectrics) shows good agreement with experiment in some respects. Linear 
esponse of the yield with cellular concentration, and with voltage, is usually 
ybserved, as is the inverse half-power dependence on viscosity, and upon the 
quare root of the collection time. Equation (2), however, contains no pro- 
rision for conduction or frequency effects. An adequate theory must provide 
xplanations for the effects of the latter parameters. It is apparent that the 
ermittivities, ¢, and ¢,, of the particle and the medium should be allowed to 
ye frequency and conductivity dependent. 

_ Attributing a frequency dependence to the apparent permittivity is a 
amiliar idea. Most dielectric constant measurements, for example, consist of 
letermining the effective parallel capacitance of the material and attributing 
t to an effective permittivity. As the effective capacitance changes with 
pplied frequency, this permittivity must also change. The problem is then to 
levise a physical interpretation of that change. The same type of problem 
aust be faced in explaining dielectrophoresis results. In this case, however, 
he physical interpretation must also explain the observed strong conductivity 
‘ependence. It is therefore likely that provision must be made in the theory 
or the simultaneous presence of two basic mechanisms, one affecting 
onduction, the other affecting polarization. Each basic mechanism may 
‘self in turn be a composite of like mechanisms with separate relaxation 
imes. 

| There are a number of specific mechanisms that have been proposed as 
ossible explanations for the variation of the dielectric constant of materials 
vith frequency. They are: (i) dipole orientation of molecules or pendant 
roups of atoms (Smyth, 1955; Von Hippel, 1954); (i) hyperelectronic 
larization of the long conjugated molecular constituents (Rosen & Pohl, 
966; Hartman & Pohl, 1968; Wyhof & Pohl, 1970); (iii) “gating” or ionic 
ow bias mechanisms operating in cell membranes (Cole, 1940; Schwan, 
957; Schwan & Cole, 1960); (iv) interfacial polarization at various inter- 
aces (Von Hippel, 1954; Maxwell, 1873); (v) relaxation of ionic double 


(2) 
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layers such as in the surrounding ion atmosphere (Miles & Robertson, 1932 
Schwarz, 1962; Schwan, 1962; Pollak, 1965). 

Before going on toa more detailed analysis of the suggested five mechanisms 
let us consider a particularly simple general scheme to account for th 
observed frequency variations of dielectrophoretic yield. In considering a 
extension of equation (1) to include dielectric polarizations which ar 
frequency dependent, we might imagine replacing the term 


&1(€. —&) 
&,+28, 


by the real part of its analogue where the terms ¢, and ¢, are now comple: 
quantities, 8, and @,, and &{ is the complex conjugate of @,, viz., by 


AKA 4 
Re fate ap 
&,+28, 


We now focus on the difference term, (@, —8,) and pull out its absolute value 
For a complicated particle such as a cell it is easy to imagine a set of polariza+ 
tion mechanisms simultaneously acting, each with a different relaxation time} 
The effective polarization, |&,|, for such a system might then typically appeas 
(Smyth, 1955) as sketched in Fig. 2 (heavy curve). As the frequency increases 


¢,| or | a 


102 104 10& 108 
Log [ frequency ( v) ] 
Fic. 2. Diagrammatic sketch of the frequency dependence of the absolute values of t 
complex dielectric constants of a complicated “solid” dielectric (heavy line), and a co! 


ductive liquid such as slightly salty water (light line). The shaded portions are regions i 
which the “‘effective” dielectric constant of the solid exceeds that of the liquid medium. 


the slower systems of polarization drop out successively. The polarizatio 
curve sketched for the liquid medium is that for a conductive medium i 
which, as is usual (Von Hippel, 1954), we consider the polarization comple 


DIELECTROPHORETIC FORCE R) 


&, = (€,—i0,/@) (3) 
a 


| lé:| = Vet +(o,/0)", (4) 


where o, is the conductivity and @ is the angular frequency. The net ““polar- 
zation” is shown in Fig. 3. The positive (shaded) portion of the curve then 
esembles the observed collectability or “yield” of cells (Fig. 1) such as is 
ybserved. We remark that the curve in Fig. 3 is the composite resultant of 
dolarizations which individually only decrease with frequency increase. Since 
tis normal and usual in dielectric studies to find the polarization to decrease 


] 
] 


|e.-¢,| 


102 107 10° 108 
Log [frequency (v) ] 
Fic. 3. Diagrammatic sketch of the frequency dependence of the difference in effective 


lielectric constants of a solid and its surrounding liquid medium. Note resemblance of 
yOsitive (shaded) regions to the experimental dielectrophoretic yield spectrum. 


ir “‘relax’’ with frequency (except, say, at absorption band edges) in just such 
}manner, the simple picture (Figs 2 and 3) just presented toexplain the observed 
requency response of dielectrophoresis (e.g. Fig. 1) is an attractive one. Our 
resent knowledge of the various polarization-frequency regimes is too 
ragmentary, however, to let one be certain of the validity of such a picture. 

Five specific mechanisms were mentioned as candidates for consideration 
n discussing the frequency and conductivity of effects on cellular dielectro- 
horesis. It is quite possible that all could be operative simultaneously, with 
he relative importance determined by the local experimental conditions such 
s frequency, conductivity, etc. At high frequencies the dipolar orientation 
Smyth, 1955; Von Hippel, 1954) is likely to be the dominant effect, whereas 
t lower frequencies the gating mechanism, hyperelectronic polarization and 
yn layer mechanisms might be more important. 
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A survey of the literature indicates that the recent trend is to explain lo 
frequency polarization results in terms of the surrounding ion atmospheres 
(Miles & Robertson, 1932; Schwarz, 1962; Schwan, 1962; Pollak, 1965) and 
its pliant relation to the relatively fixed surface charge. This position has been 
taken by Miles & Robertson (1932), O’Konski (1960), Schwan (1962) and 
Schwarz (1962). It is also the approach of Dintzis, Oncley & Fuoss (1954) in 
their explanation of the dispersion for polyelectrolytes such as those of 
molecular weight about 2x 10°, and which are comparable in size to DNA 
fragments. 

Although one notes this trend to explain low frequency polarization 
behavior in terms of ion atmospheres, the other processes cannot be ruled ou 
completely. Their effects should be considered in any general treatment of the 
problem. Hyperelectronic polarization (a sort of Maxwell-Wagner polariza 
tion on a molecular scale) (Hartman & Pohl, 1968), biased ion passages 
across membranes (gating) (Cole, 1940), and interfacial polarization (Maxwell, 
1873) can all be considered together with ion double layer and dipole orienta 
tion effects in terms of appropriate conductivities and polarizations which} 
depend on frequency. Some are best considered from the viewpoint off 
polarizations which are frequency dependent, some as conduction processe 
with frequency dependence. We shall wish to be prepared to handle eithe: 
type in a general expression for the dielectrophoretic force. 


2. General Expression for Dielectrophoretic Force 


In the preceding discussion, a number of polarization mechanisms were 
considered which could be responsible for the observed dependence of cellular 
dielectrophoresis on field frequency and medium conductivity. To isolate the 
effective mechanism it is first necessary to have a theoretical expression for 
the yield or amount of dielectrophoretic collection. Accordingly we shall here 
obtain a general expression for the dielectrophoretic force and in a later 
paper present a model incorporating several specific mechanisms. With these 
specifications and the general force expression, the theoretical calculation of 
the yield—frequency—conductivity relations will then be made. We now turn 
to the derivation of the matter of the general expression for dielectrophoretic 
force on a body which sits in a fluid medium, both of which may be 
polarizable and conductive. The development prepares for the possibility that 
both the polarizing and the conduction mechanisms are basically separate 
mechanisms in their frequency responses. 

As was noted earlier, the consideration of materials as perfect insulators 
leads to a force expression (equation (1)) that is not compatible with the 
experimental results on cells. We must therefore determine a more general 
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xpression which is applicable to real materials. These non-perfect dielectrics 
ill in general exhibit both dielectric constants and conductivities. If the 
pplied field is periodic there will also be a time lag of response. This time lag 
most easily expressed as a phase difference between the applied field and the 
sulting current and polarization (Von Hippel, 1954). 

For a sinusoidal field impressed across a simple (linear) medium, the 
urrent, charge density, polarization, and other descriptive parameters will 
Iso be sinusoidal, but not necessarily in phase with the field. That is for 


E = E, 
ve have 
a tee ee era D=D, ef(ot— en). 
p = Po aes P= Po a. 
n= Bo ef(ot— On). H =H, efor Ox) 
M = M, e/ot-%), (5) 


here J, is the conduction current, D is the dielectric displacement, p is the 
olume density of charge, P is the electric polarization, B is the magnetic 
nduction, H is the magnetic field intensity, M is the magnetization, ft is the 
ime, is the angular frequency (@ = 2zv, where v is the cyclic frequency), 
ris ./ a, 9; is the phase angle and i, is the amplitude for the instantaneous 
value of the quantity.i. For simple media (i.e. saturation effects absent), the 
relations 

D = cE and J, = oE (6) 


ulso hold. It follows that ¢, the dielectric constant or permittivity, and o, the 
ronductivity, must be given by 

' @ = (Do/Eo) e (7) 
und : 
| o = (Jo/Eo) e ™, (8) 
d that they are therefore complex. An alternate way of expressing these 
-omplex quantities is to break them up into real and imaginary parts such as 


: & = 6’ —je” (9) 


o = 0'—jo". (10) 
The ratio of the imaginary part to the real part determines the amount by 
which the related quantities are out of phase. That is 

e"/e’ = tan Oy (11) 


ind 
o"/o’ = tan 0. (12) 
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If these quantities are pictured in the complex plane, they can be considereg 

as vectors which can be broken up into two components, one real and ong| 
imaginary. The amounts of phase lag depend on the components of e and a@ 
respectively, since these are the quantities relating D and J, to E. | 


3. Maxwell’s Equations 

For sinusoidal fields of the form given in equations (5), Maxwell’s equation sj 
for simple media become (King, 1945) | 
e(V-E) = py (13 | 

VxE = —joB (14 


V-B=0 (15 
VxH = (c+ joe)E. (16) 
The boundary conditions at an interface between materials 1 and 2 are 
€,(m,°E,)+¢,(m,°E,) = —1y¢—N 25, (17 
n, XE,+n,xE, = 0, (18) 
n, XH,+n,xH, = —I,-—Ly, (19 
n,°B,+n,°B, = 0. (20y 
The continuity equations for conservation of charge are 
V:(cE)+jop, = 0 (21} 
and 
Viet Lop) +JO(nie +26) — 04 * (0 E,) — 2 *(02E2) = 0. (22 


In the above equations, the usual meanings are given to the familiar symbols 

of E, B, H, ¢, , o. The less familiar symbols are defined as follows: n, and n, 

are unit outward normal vectors, ps is the volume density of free charge, n; is 

the surface density of free charge, and I; is the surface density of free current 

(current/width), which is different from zero only for perfect conductors. 
Eliminating p, from equations (13) and (21) gives 


V-[(e—jo/@)E] = 0 (23) 


everywhere except at the boundaries where of course V(o+jme) # 0. Com- 
bining equations (17) and (22) to eliminate (7,,+12,) and restricting ourselves 
to non-perfect conductors gives the conditions at the boundaries as 


(o, +joe,)(n,*E,)+(o2+joe,)(n,°E,) = 0. (24) 
It is convenient at this point to define the expression 


K = o+jme (25) 
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s the complex conduction factor and the quantity 


€ = K/jw = e-jo/o (26) 
s the complex dielectric factor. Dividing equation (24) by ja then gives 
€1(m,-E,)+¢,(n,°E,) = 0. (27) 


“his gives the boundary condition for real media and sinusoidal fields as 
identical in form with that for ideal dielectric in static fields if the dielectric 
onstant is replaced by the complex dielectric factor €. 


4. General Energy and Force Equations 


In order to develop a generalized force equation it is necessary to first 
etermine a general expression for the electric energy of a system. The force 
‘an then be obtained by taking the negative gradient of this energy. For 
inusoidal fields it is shown by King (1945) that the time averaged electric 
nergy in a volume 7 is given by 


U = 4) ¢E? dr, (28) 


where E is the amplitude of the varying E field and not the r.m.s. value. 
Recalling from equation (26) that 

&. = Re(¢) = Re (¢"), (29) 
here Re(é) = e’—o"/wm =«e,, the effective permittivity, and where €* is the 
somplex conjugate of € and Re(€) is the real part of €, allows the energy to be 
xpressed as 
U =4f Re (E-é*E*) dr. (30) 


efining the quantity D as the “total displacement vector” by (see equations 
6) and (26)) 
a D = CE = D-jJ,/@ (31) 
sives the energy as 

U =4f Re (E-D*) dr. (32) 


To determine the energy of a body in an external field requires the integral 
0 be evaluated over all space. This is usually impossible to do directly, so 
hat a simpler integration is required. It is possible to develop an expression 
‘or the energy in terms of an integral over the body alone. This development 
s similar to the procedure developed by Schwarz (1963) for the non-conduct- 
ng case. In that case, the conduction current is zero and D is equal to D. 
Consider a field Ey established by charged conductors of finite extent in a 
inear isotropic medium of complex dielectric factor ¢, with a resulting total 
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displacement of Dy. Now insert a body of complex dielectric factor ¢ andj 
denote the resultant field vectors by E and D. The change in energy will b 
given according to equation (32) as 

AU =} jf Re(E-D*—E,-D >) dt. (334 


all space 

The integrand can be modified using the identity 

Re (E-D*—E,-D%) = Re {[E+(&4/E{)E,]*:(D—Do) 
+[E-D§—(/E,)Eo'D]}. (34 

Since D = €,E outside the body, the second expression on the right is non. 


zero only inside the body. 
The first term on the right can be expressed in terms of potentials as 


[E+(€,/€2)E)]*-(D—Do) pear [Vb+(E4/Cf)Vb0]*-(D—Do) 
— (Vy)*-(D—Do) 
= — V(iy*):(D—Dy), (35 


where 


Ww = 64+(64/E2) bo. (36) 
But 


—Vp*-(D—Do) = —V'[W*(D—D,)]+W*[V-(D—D,)]- (3 


Using equation (23) and V- D = 0, we note that the last term in equatior 
(37) is zero. We note in passing that the derivation given by Schwarz (1963) 
asserts div D = div Do. But div D = p if free charge is present, hence his 
result is not general. The use here of div D = 0 is not so restricted, and 
therefore gives a general result. The volume integral of the remaining first 
term can be transformed by the divergence theorem into a surface integra 
over the enclosing surfaces, giving 


— Jf V-{y*(D—D,)} dc = — lim f W*(D-—D,)dS 
all space Soro So 
+5 [ wXD—D,) dS\- 
k Sy 


where the S, are the conductor surfaces and Sy is a surface which increases to 
infinity. Since y* is established by the conductors, it is proportional to 1/r at 
large distances. D is proportional to E and Vw. This gives D proportional to 
I/r? at large distances. Since the surface area is proportional to r2, the value 
of the Sp integral is proportional to 1/r and goes to zero as r > 0. The Sx 
integrals are associated with the work done, AW, at the conductors upon 
introducing the body and so are not associated with the energy of the body 
per se. Thus the first term in equation (34) gives the work done at the con- 
ductors and the second is non-zero only in the body. Equation (33) then 
becomes, 


i 
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| AU =} Seoay Re [E-D> —(€3/€,)E}-D] dt+AW. (39) 
the time averaged mean energy of the body is therefore AU— AW = Wi, or 
W=4 J Re[E-Dj—(é3/E,)E3-D] de 


body 
= + J Re {C4[E-E> —(¢/€4)E9-E]} de 
= zh Re {Ca[1—(€/E4)E9 -E]} dz, (40) 


nd we have now reduced the integral to one over the body alone. This result 
duces to the special case treated by Schwarz (1963) when & = «. 

| It is now a simple matter to obtain the general force equation by taking 
1e negative gradient of equation (40). That operation gives 


F=-if Re {v[ex(1—=)es-e] | ar. (41) 


body 4 

sefore this expression can be evaluated, one must know the original impressed 
eld Eo, the resultant field E throughout the body, and the complex dielectric 
ctor for all parts of the body. E, will be determined by the electrode 
eometry, € will depend upon the conduction and polarization mechanisms 
avolved, and E will be specified in terms of the &’s by the boundary condi- 
ions of equation (24). 

| If equation (41) is a general force equation, then it must contain provisions 
or each of the mechanisms discussed earlier. This is easily shown to be the 
lase. The rotating dipole mechanism and the relaxation effects are provided 
or by allowing ¢ to be complex. The gating mechanism and also any other 
londuction relaxation effects arise through the complex conductivity. The 
axwell-Wagner multi-layer membrane effects are direct results of the 
»oundary conditions on E at the layer interfaces. And finally, the relaxation 
»f an ionic atmosphere can be included simply by considering an extra outer 
ayer on the body of interest to have a high and complex conductivity. 

| In a subsequent paper (Crane & Pohl, 1972) we shall apply equation (41) 
0 the case of living and dead yeast cells with satisfactory results. 


5. Summary 


| The simple and rapid technique of dielectrophoresis as applied to 
huspensions of organelles or cells show that the gathering of these bodies at 
he region of strongest field readily reflects certain polarization mechanisms 
ensitive to their physiological state; and that these dielectrophoretic responses 
a.c. fields are quite dependent upon the frequency of the applied electric 
ield and upon the conductivity of the aqueous medium. In view of the 
requency and conductivity effects, simple dielectric theory based on con- 
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sideration only of static dielectric constants as for perfect insulators provey 

to be inadequate. 
Preparatory to investigating experimentally which of a number of possibl I 
mechanisms are actually or probably involved in cellular dielectrophoresis i 
is necessary to provide a suitable theoretical framework to describe dielectrot 
phoretic force. Since several mechanisms may well be simultaneously 
involved, and since some may be best looked upon as frequency-dependen} 
polarizations while others are best regarded as frequency-dependent coni 
duction processes, the general theory will need to provide accommodation} 
for both types. | 
The required general force expression which has these provisions is derived 
here (equation (41)). This is done after showing how the required comple 
dielectric factor, €, can be regarded in a dual light, either as a sum of twa} 
fundamental but complex (and frequency-dependent) quantities, o and e, the 
inherent conductivity and inherent dielectric constant; or as the comple 
sum of two real quantities, o, and «,, the effective (and hence experimentall} 
apparent) conductivity and dielectric constant. The first pair, o = o(@) an 
& = &(@) may be regarded as the interpretive set; the latter pair, o, and ¢,, : 
| 


the observable set. Given a field distribution and a plausible set of assump} 
tions regarding polarization and conduction mechanisms and their geometriq 
distribution, equation (41) can then later be applied to test the assumed 
mechanisms by comparison with experiment. It is planned to present in 
later paper the detailed application of such physical assumptions in a model 
cellular dielectrophoresis, and to compare the predictions with experiment. 
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Dielectrophoresis, the motion of neutral particles induced by a non-uniform 
electric field, is useful in separating and comparing single-celled organisms. 
The rate of dielectrophoretic collection in a region of higher field, called 
the “yield”, depends strongly upon the physiological state of the organism, 
upon the frequency of the field, and upon the conductivity of the suspend- 
ing medium. The resulting yield spectrum is complex. 

On applying a four medium model consisting of two shells about a “‘cell 
body” in a medium and having various reasonable and pre-assigned 
frequency-dependent conductivities and permittivities to the regions, a 
good theoretical description of the dielectrophoresis of both living and 
dead yeast cells was obtained. 


1. Introduction 


cells which are freely suspended in an aqueous medium can be rapidly 
‘ollected in a region of high electric field intensity (Pohl & Hawk, 1966; 
crane & Pohl, 1968). The field may be a.c. of radio frequency, for example. 
[he effect, which is normally a gentle and relatively harmless one to the cells, 
lepends sensitively upon the physiological state of the cells, and upon various 
yhysical parameters such as the frequency of the a.c. field or upon the 
‘onductivity of the suspending medium. The frequency response can be 
juite complex, showing a number of maxima and minima as one studies a 
vide range of frequencies (0-10° Hz). The response varies from organism to 
yrganism and can even be evoked for freely suspended organelles such as 
thloroplasts (Pohl & Hawk, 1966; Crane & Pohl, 1968; Crane, 1970; Wiley, 
1970; Pohl & Crane, 1971). 

The motion of a neutral body which is induced by a non-uniform electric 
ield is called dielectrophoresis (Pohl, 1951, 1958, 1960). It is to be carefully 
listinguished from that motion produced by the action of a (geometrically 


+ Present address: Department of Physics, Cameron State College, Lawton, Oklahoma. 
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uniform or non-uniform) electric field on a charged body. The latter is calleg 
electrophoresis. The terms have their origin in the Greek word “phoresis 
referring to motion. Dielectrophoresis depends upon electrical polarization 
and hence the dielectric properties of the body and its surrounding mediu sii 
Electrophoresis depends upon the presence of free charge residing on the 
body. The resulting motion depends upon the sign of the charge and of th 
field direction. It depends normally upon the first power of the field intensityp 
Dielectrophoresis, on the other hand, depends normally upon the square of th 
field intensity and hence is independent of the direction (sign) of the electri 
field. This can be thought of as arising in the following way. The presence 0 
the field polarizes the body (a first-power effect), producing a dipole. Th 
resultant dipole on sensing a field non-uniformity or gradient finds tha} 
portion of its separated charges nearest the region of more intense field to be 
more strongly pulled upon (another first-power effect). The resultant force ig 
one which tends to pull the polarized (but still neutral) body into the regioy 
of most intense field. 

Dielectrophoresis can be used to study a variety of organisms. Thes¢ 
include yeast, erythrocytes (Wiley, 1970), thrombocytes, flavobacterig 
(Wiley, 1970) and Chlorella. The present discussion will focus upon the 
interpretation of the behavior of yeast during dielectrophoresis. A rather 
detailed experimental study of the conditions governing the dielectrophoresis 
of yeast cells was described in earlier papers (Crane & Pohl, 1965; Crane 
1970; Pohl & Crane, 1971). A typical experiment involves the collection o 
cells at pin—pin electrodes with some 25-40 volts applied at the desired 
frequency. The “yield”, or amount of collection in, say, one minute ig 
measured directly by measuring the thickness of the deposit. The yield vs. 
frequency curve shows from one to three peaks as well as regions of zerd 
collection. The curve shape or “‘yield spectrum”’ varies with the type of cell on 
organelle, with its physiological state, and with the conductivity and chemical 
nature (pH, etc.) of the medium. It is therefore useful in the study of cellular 
physiology. 

In a previous paper (Pohl & Crane, 1972)} we derived a general for 
expression for a body of arbitrary complexity and shape in a conductive fluid 
medium. We shall now use it to assist in the interpretation of the observed 
yield spectrum. Since the yield varies with the applied frequency and with the 
conductivity of the medium, and because some specific molecular mechanisms 
are more easily regarded as frequency-dependent permittivities, while others 
are more conveniently regarded as frequency-dependent conductions, the 
general force expression was constructed to cope simultaneously with both 


} This paper will henceforth be referred to as paper I, 
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pes of mechanisms. Moreover, each can have its own specific relaxation 
mes during the analysis. 

An what follows we shall treat a rather detailed model of a cell, specifically, 
yeast cell. With the model we shall seek to understand the major features of 
1¢ yield spectrum for live and for dead yeast cells. The cell will be represented 
1eoretically by a sphere of conductive dielectric surrounded by two layers 
spectively corresponding to the cytoplasm plus nucleus, to the membrane, 
ad to a surrounding ionic double layer coupled to the cell wall) and sitting 
| a moderately conductive medium. We therefore treat a rather complex 
bject, a system of four regions each comprised of differing materials. To each 
gion will be assigned a set of electrical properties based on what is now 
nown of each. With the assigned geometry and properties, the force on the 
sel” will be calculated. From that will be calculated the yield spectrum and 
1e general yield equation. The theoretical yield spectrum will then be com- 
ared with the experimental for the two cases; living yeast cells and “dead” 
2ast cells. Admittedly there are many definitions of ‘‘dead’’. Here we shall 
se the term “dead” in the sense that the cell membrane has become rather 
eely porous to small ions, allowing the cellular interior to equilibrate with 
le surrounding medium. Based on this comparison of the theoretically 
uculated and the observed yield spectra we shall then have some remarks to 
take on the electrical nature of yeast cells, and upon the applicability of 
ielectrophoretic studies to other biological systems. 


2. The Force on a Yeast-cell Model 


_The force equation developed in the previous paper (paper I) is general in 
ature. Before it can be applied to a particular body, say a yeast cell, the 
ectrical characteristics at all points within the body must be known. Since 
1ese are not known for yeast, before any theoretical results can be calculated, 
yme assumptions about the cell makeup and electrical behavior must be 
tade. That is, a physical model must be chosen to represent the cell and 
sasonable electrical properties assigned to it. 

We shall select a model which grossly resembles a yeast cell and which 
yntains the essential electrical mechanisms. Due to the existence of a 
oundary condition equation at each interface, the complexity of the mathe- 
iatical treatment increases rapidly as the number of interfaces increases. It 
_necessary, therefore, to keep the number of distinct regions as few in 
umber as possible and still approximate a real yeast cell. This leads to the 
r0ice that the model consist of three separate regions. Since yeast are 
yherical to ovoid in shape, the model chosen is one comprised of three 
oncentric spheres. 

T.B. 2 
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The interior of the model is meant to correspond to the yeast cell cytoplasm 


the great bulk of the cell. The first shell represents the cell membrane, and ig 
assumed homogeneous. This provisionally eliminates the multilayerec 
structure of the membrane from further consideration. The second or outer 
shell corresponds to an ion atmosphere anchored to the cell wall and suri 
rounding the cell proper. Each of the three cell regions, as well as the suspend 
ing medium, are assigned a complex conductivity and a complex permittivity) 
This retains the possibility of having relaxation effects occurring for both the 
conductivity and permittivity. With the addition of the outer ionic atmosphere 
the model contains provisions for the inclusion of several of the polarizatior 
and conduction mechanisms discussed previously. 
Obviously this model is a gross oversimplification of the true state o! 
affairs. A more desirable model would be one which also includes the multit 
layered membrane structure, the cell wall, the nucleus and its membrane, an¢ 
various intracellular bodies. However, this leads to complications in the 
mathematical treatment to such a degree that the solution becomes intractable} 
We are concerned here more with the testing of an approach than with the 
exact description of the experimental behavior. Therefore, if the genera 
features of dielectrophoresis can be obtained with this model, then the basic 
theory shall have been verified. More complicated models can then be devise 
for later and more accurate descriptions. | 


(A) FORM OF RELAXATION FOR € AND o 


To this point no restrictions have been made on the form of the time 
relaxations of ¢ and o. And, it is not necessary that we make any such 
restrictions before going on to calculate forces and yields in a general manner. 
However, it is appropriate to discuss at this point the assumptions that wil 
be made for the model system. 


Complex 


As was mentioned in the previous paper (paper I), the simplest mechanism 
for permittivity relaxation was introduced by Debye (1929) in terms of 
rotating dipoles. For a single relaxation mechanism, the complex permittivity 
€ is expressed by 


8 = 6, + = ja", (1) 


where ¢, and €,, are the real parts of ¢ at very low and very high frequencies, 
respectively, w is the angular frequency, jis the ¥ —1, and tT, is the relaxation 
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e of the mechanism. Equation (1) can be broken into real and imaginary 
irts to give 


, Es En 
ean eer ae 
d 
” OT, 
iso a 


om equation (2) the relaxation time is 


1 &,—&' 
he : : 
oN &’—6,, 


ere w and ¢’ both vary in such a manner as to keep t, constant. t, may also 
obtained from the graph of equation (3) when e” is a maximum, 


T; = TO os (4) 
echanisms other than those with a single relaxation time also exist. Their 
eatment requires the assumption of a distribution of relaxation times (Cole 
Cole, 1941). These multiple mechanisms will, for the present, be excluded 


Just as the permittivity can be assumed to be represented by a single 
Jaxation time, the simplest description of conductivity relaxation is that 
ich contains only one relaxation time (King, 1945; Javid & Brown, 1963; 
ter & Frank, 1947). The forms of the appropriate equations are identical 
ith those for permittivity. That is, the complex conductivity, o, can be 


«pressed by © 
(o,-—¢.,,) P 

= SS i te. 5 
6=6,+ 1+fort, CoO. (5) 


hose real and imaginary components are 


CR eT Te a? © 
d 
” (6,—6.)OT, 
Cie eee @ 


e subscripts s and oo again refer to static and high frequency values 
spectively and t, is the relaxation time associated with the conduction 
echanism. It should be stressed that t, and t, for a particular sample may be 
ympletely unrelated if the mechanisms responsible for each are different. 
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Form of € i 
With these assumptions for ¢ and a, expressions for the real and imagina 
parts of the complex dielectric factor € can be given. From equations (3 
and (6), 


2 
0,-C,)  W*(&—£,)T, 
(2-02) , OG, —8a)te 


00S eee 1+«@?12 1+@71? 
Equations (2) and (7) give 
E rg a este eee (Cs— Feo)o 
° w PA t+ 1-072? 


Since equation (26) of paper I gives 

€ = &,—jo./o = e—ja/a, 
the expression in equation (9) is the real part of € and equation (8) dividl 
by —q gives the imaginary part of ¢. (Note: as defined in equations (8) an 
(9), ¢, and o, are the “effective” values of the permittivity and conductivi 
such obtained by a direct measurement, whereas « and o are the true values 
inherent to some internal mechanisms.) 


(B) DETERMINATION OF THE POTENTIAL 


Once the model has been chosen and the appropriate electrical parametet 
are ascribed to it, the boundary equations can be applied and the resultin 
potentials and electric fields can be determined. From equation (41) 
paper I it is seen that if the electric field is known throughout the modé 
then the force can be calculated. In the remainder of this paper, the potentials 
the fields, and finally the force will be calculated for the two-shell, or fou 
region, model. 

We begin by considering a fluid medium supporting a uniform field o 
strength Ey in which is placed a sphere of radius a,, snugly enclosed by tw 
concentric spheres of radii a, and a; as shown in Fig. 1. The three regions ¢ 
the sphere have complex dielectric factors €,, €, and &3, while that of th 
external medium is ¢4. Recalling equation (26) of paper I, we have 

ci = &—joj/o, (1¢ 
where ¢; and o; are complex. The boundary conditions for simple media a 
given by equations (23) and (27) of paper I as 
V:[(e—jo/@)E] = V-D = 0, 
whence if V(e—jo/w@) = 0 as in simple media, 
V‘E=0 
everywhere but at the boundaries, and 


é(n;"E;) = € j{a;E,) 
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Fic. 1. The four-region or two-shell:model of a yeast cell. 


at the boundary between media i and j where n; is the outward normal to 
region i. (Note n; = —n;.) For the frequencies below the microwave region, 
the field can be expressed in terms of a scalar potential ¢ as 


E = — VO. (11) 
i sing this relation, the boundary conditions become 
. V7® = 0 (12) 
and 
é(n;*VO;) = €(n;* V®,). (13) 


A third condition exists and that is the continuity of the potential at the 
undary or 

a ®; = O,. (14) 
_ We must solve the three equations, equations (12), (13) and (14) for the 
articular case of a two-shelled sphere. The most convenient coordinate 
ystem is obviously the polar coordinate system, with the external field 
directed along the z axis as shown in Fig. 2. The origin is selected to be at the 
nter of the sphere. In this case, Laplace’s equation, equation (12), becomes 


2 
a5(?5) +a 5 (sin 5) tara a ag? =O (15) 


or)" r* sin 0 00 60) r? sin? 0 dd? 

For this configuration the original potential is given by 

®, = — Eor cos 6. (16) 
When the sphere is placed into the field, the new fields, both inside and out- 


side the sphere, will retain the symmetry about the z axis and thereby be 
independent of ¢. For the particular case of polar co-ordinates and axial 
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Fic. 2. Polar co-ordinate system. 


symmetry the term involving 67@/0¢7 in equation (15) is zero and the solution | | 
involves the use of Legendre functions. In each of the four regions the | . 
potential can be expressed (Stratton, 1941) by 


-> (Ain? + Bint "*)P,(cos 0); i = 1-4, ay 


where P,(cos @) are eo Legendre functions and the A,, and B,, are constants | 
to be determined by the application of equations (13) and (14). Since the, 
normals to the boundaries are radial, equation (13) becomes 
0g; 6®; 

ra =i — 18 

ot Op or Sor (18) 


The two equations at each of the three boundaries give a total of six equations; 
but there are eight sets of constants to be determined. The other two sets are 
determined as follows. The potential ®, is required to be finite at the center 
of the sphere. This sets all of the B,, = 0. The potential at a large distance 
from the sphere should be unaffected by the sphere and so remain uniform 
and equal to its original value of — Ey cos 0. Thisis satisfied onlyif 4,, = —E 0 
and A,, = 0,” ¥ 1. : 

The six sets of constants can now be determined by solving the six sets of 
boundary conditions, which are 


oo 6® 
Q, = ®, and €1 os = €> 2a atr = ay, 
o® oO 
a, = 0, and € aa = é3 a at r= a2; 
and 
o® o® 
0, = 0, and é3 — = at = at r= a3. (19) 


The appropriate forms of ©; and 6@,/dr are obtained from equation (17). 
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| The algebra is somewhat involved and will not be given here. The crucial 


yart of the solution is setting equal the coefficients of like Legendre functions. 
The results are: 


A, =By,=0; n#1, (20) 

Ay, = eee (21) 
2 
a 3 

Ba, = Aue oat (22) 
2 


A3, = a 9 £,a3 Wer + 2EaNME2 + 2Es)a3 + (Eo ENE — é,)ai], (23) 


Bz, = 2 z, +2€2)(¢3— E)a3 +(€3+26,(E,—-E,)a?], (24) 
Ags a Eo, (25) 

A3\(€4—€3)a3  B3,(263 +64) 

B = 
Sai SY BAP rage ie Wa or 
_ —276,6364a3Eo 
Ai bas, Lee, > (27) 
where 


Ly = a3(26,4+ ENE + 2€s)(Es +2€3) +2(E2 —€)(E3 — E2)(aj/az)], (28) 
= 2(€4—€s)[(E1 +2623 — €2)a3 + (E3 +262 E2 —€,)aj], (29) 


d 
Bi; = 0. (30) 


The solutions for the potentials are then 
: ®, = A,,r- cos 0, ®, = (A,,r+B,,/r?) cos 8, (31) 
®, = (A3,7r+B3,/r7)cos0, 4, = (Ag, r+By,/r) cos 8, 


i 


P, (cos 0) = cos 0. (32) 


(C) DETERMINATION OF E FIELDS 
From equation (11), it is a simple matter to derive the E fields in each 
region. In spherical co-ordinates the del Su is 
Osta le 7) 


=e 3 
states ee me * an tae (33) 


where f, 6, and @ are the appropriate unit vectors. Since the potentials are 
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independent of ¢, the third term is zero and we have . 


Applying this equation to each of the potentials in equations (16) and (31) 
gives the original field and those in each region as 
E, = E,(f cos 6—6 sin 6), 
E, = E,A,(é cos 0—6 sin 0), 
E, = E,[#(A,—2B,/r°) cos 0—6(A, +B,/r*) sin 6], 
E, = E,[¢(43—2B;/r°) cos 0Q—6(A3+B3/r*) sin 6], 
-E, = E,[f(1—2B,/r°) cos 0—6(1 + B,/r°) sin 6], (35) 
where A; = Aj,/Eo and B, = B;,/Eo. 


(D) EVALUATION OF THE ENERGY INTEGRAL 


Now that the electric fields are known in all three regions of the model, the 
time averaged energy of the body, W, can be determined by evaluating the 
integral given in equation:(40) of paper I. It is the sum of integrals over each} 
of the three volumes; v, of the inner sphere, v, of the first shell, and v3 of the 
second shell. That is 


w= 4Re{ J Es(1—€,/€,)E3-E, dv : 
t ) €4(1—€2/E4)E9-E, dv | 


| 
| 
| 


+ J €%(1—-€3/€4)Eg-E3 dv}. (36) 
From equations (35) A 
Ej ‘E, = EGA, 
E>°E, = E>[A.—(B,/r*)(2 cos” 6—sin? 6)], 
Ej:E; = E$[A3—(B3/r*)(2 cos? 6—sin? @)]. (37) 
The integral over the inner sphere becomes 
5 F(1-C,/04) E94, dv = EF(1—E,/E4)EG Ay“, 
= $naioS(1 —€,/€4) Ai Eo. (38) 


The eas over the first shell is 


5 j f EX(1—€,/€4)[A2 —(Bz/r)(2 cos? 0—sin? 6)]E2 r? sin 0 dr dO dé 


= €4(1—€2/€4)[4n(a3 —a})/3]A, ES. (39) 
it should be noticed that the portion containing the B, term and the 6 
dependence integrates to zero and so has no effect on the energy of the body. 
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Similarly the second shell integral is 

W@3 725 

i | J J c4(1 — €3/€4)[ 43 —(B3/r°)(2 cos? 0—sin? 0) ]E? r? sin 0 dr dO dd 
a2 


| = EX(1—E5/4)[4n(a3—a})/3]45 £3. (40) 
fe Pon substitution of equations (38), (39), and (40) into equation (36) the 
| energy of the body is seen to be 


\w= (xEG/3) Re {(oF/EaL(E4—€ CA ai+ 
+(€4—€)A2(a3 — aj) + (€4—€3)A3(a3 —a})]}. (41) 


(E) FORCE IN NON-UNIFORM FIELD 


The preceding derivation has been based on the assumption of a uniform 
+ field prior to insertion of the body. Since the very nature of dielectrophoresis 
| requires that the field be non-uniform, it is legitimate to question the validity 
|} of applying these results. The use of the uniform field results is certainly an 
| approximation but if the field does not change radically over the dimension 
| of the body then the approximation is a good one, with the correction being 
4 small. This can be shown by comparing the potential inside a sphere in a 
uniform field to that inside a sphere in the radial field of a point charge as 
} given by Stratton (1941). The first correction term is smaller than the main 
term by at least the factor a/d, where a is the sphere radius and d is the 
| distance of the center from the charge. For practical applications this ratio is 
4 usually quite small, so that the uniform field boundary conditions may be 
i applied. Had the original field been assumed non-uniform, the evaluation of 
{ the volume integrals would have been much more complicated. 

| The force on the two-shelled sphere is obtained by taking the negative 
} gradient of equation (41). Since the media are assumed isotropic that gives 


| | F = — Vw = — [n(VEG)/3] Re {(62/E4)[(S4—-F1) At ai+ 

+(€,—€,)A(a3 —a})+(€4—€3)A3(a3 — 43) ]}. (42) 
| The values of A,, A, and A, are obtained from equations (21), (23), (27) and 
(32) and substituted into equation (42) to give, after some rearrangement, 


F = — n(VE@) Re {€3(N1+N2+N3)/(D1+D2)} (43) 
with the abbreviated notation 
NL= 9€,&3(64—€1)a7 a3 a3, (44) 
N2 = 3€3(€,+2€.)\(E4—€2)(a3 — 43)a} a3, (45) 
N3 = a3(E,—€3)(a3— 43) X1, (46) 
Di = a3(§,+2€,)X1, (47) 


) and 
; D2 = 2a3(&4—€3)X2, (48) 
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where 
XL = a3(E,+2€,)(E, +263) + 2aj(E2 —F1)(E3 — Sa), (49) 

X2 = a3(6,+26.)(E3—€2) + ai(E3+2€,)(E — €;). (S0}} 

Equation (43) gives the force on a two-shelled sphere in a non-uniform field. | 


To summarize, the following assumptions have been made during the 
derivation. | 


(i) The applied field varies sinusoidally in time. ) 
(ii) The media are isotropic. That is, e and o are scalars rather than 
tensors and are therefore not functions of field orientation. 

(iii) The media are linear which means that ¢ and o are not functions of 
the field strength E. 

(iv) The media can exhibit time lags of response implying that ¢ and oJ 
can be complex scalars dependent on frequency. 

(v) The frequency of the field is assumed to be low enough to permit the: 
E field to be derived from a scalar potential alone, and magnetic} 
effects are minimal. 

(vi) The potential inside the sphere is assumed to be approximately) 
that of a sphere in a uniform field. | 


Equation (43) may be somewhat more easily evaluated if it is written in} 
terms of dielectric constants (or relative permittivities) rather than in terms of} 
permittivities. A relative factor €, can be defined by 


c= €,* 80» (51); 
where & is the permittivity of free space. Since € appears three times in both)| 
the NV terms and the D terms of equation (43), the value of (N1+N2+N3)// 


(D1+ D2) remains unchanged if €, is everywhere substituted for €. When| 
€4,£o is substituted for €, then equation (43) becomes | 


F = — neoVE@ Re {E4,(N1,+N2,+.N3,)/(D1,+D2,}, (52)) 


where the subscript r indicates that €, is used in place of & everywhere it 
appears. 


| 
| 


3. Derivation of Yield for a Radial Field 


In the previous section, a force expression was obtained for the two-shell | 
model in any non-uniform electric field. By specifying the electrode geometry, 
one can determine the resulting field and the corresponding force for a 
particular case. Once the force on the body is known, its motion is predictable 
and the rate of collection of a suspension of similar bodies can be found. 
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jSince the experimental studies utilized a pin-pin field (Pohl & Crane, 1971), 
jthis geometry will be assumed for the present calculations. 


(A) FORCE IN A RADIAL FIELD 


The electric field between two pins is essentially that between two separated 

jspheres. The field strength is a complicated function of position, depending on 

both angle and distance. However, near one of the spheres, the field is 

{closely approximate to that produced by concentric spheres, so that this 

{mathematically simpler geometry is considered here. 

| The potential at some radius r between two concentric spheres of radii r, 

jand r, (r, > 14), is 

aoe Ory (2-7) (53) 
ig toast a3 itl 

Where ®, is the peak a.c. potential of the inner sphere, and ®, = 0. 

Since 


0,r; rs ) 
=— = ——— }? 54 
Eo VO, = — (54) 

2 pr? r2 
ae 17112 55 
ee r(ry—r1)" (9) 
and 
®,r,r|7 f 

aN va Tee Ds | eae 56 
Yee 7 ee 4 


then it follows from equation (43) that the force on a two-shelled sphere 
lolaced in this field is 


- oe ie. 
— a 4nOy ry 2 (57) 
Sees 
\where f is the radial unit vector and x is defined as 
y = — Re {€3(N1+N2+4+N3)/(D1+D2)}. (58) 


he negative sign in F indicates that the force is inward towards the region of 
strongest field when ; is positive. 


(B) YIELD FOR A RADIAL FIELD 


As the particle moves under the action of the dielectrophoretic force given 
in equation (57), it will experience a viscous drag force opposing its motion. 
The viscous force on a spherical particle is given by the Stokes relation 

F,; = — 6nnazV, (59) 
jwhere y is the viscosity of the suspending fluid, v is the particle velocity, and 
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all quantities are in MKS units. Assuming the particle to be in equilibri 0 
means that 
F+F, = 0. 

Substituting in this equation for F and F, and solving for the instantaneou 
velocity gives 
0? = r3 yt a (6 
nazr° (r2—1;) 

The time required for a particle to move from a radius rg to the cente 
electrode is given by . 


Y= => 


ee seid | 
t=fdr= f—. (61 
< ow 


Substitution for v from equation (60) results in 


Pa na,(r2— r,)°(r§—r$) 6: 
40? r? r3 x ' 
For ro > 2r, then r6 > 64r§ and 


rae na,(r,—1;)"r9 

40? r? r2y 
The pearl-chains, into which the cells form, are approximately cylindric# 
in shape. The volume of a pearl-chain is then approximately 


V, = ydo = yrj dQ (64 
where y is the length of the chain (yield) and do is its cross sectional are 
which at the point of attachment subtends a solid angle dQ at the center of th 


electrode. If ro > r;, the volume of suspension swept out to form the cha i 
during time ¢ is just the volume of the cone of solid angle dQ extending to 


(63 


To 


fe 


Fic. 3. The relation of the volume occupied by the cells to the volume of the suspensia 
swept out. } 


CELLULAR DIELECTROPHORESIS 29 


| distance of ro as shown in Fig. 3. This volume is 


: Vz = (r§—1}/3) dQ ~ (3/3) dQ. (65) 
| The volume of cells in this cone is given by 
V. = (4na3/3)CV, (66) 


where C is the cell concentration (cells/volume). Combining equations (64), 
(65) and (66) gives the yield as 
4na3 Cr 
ra 
Solving equation (63) for r3 and substituting gives 


ro 2 sEudats fel ta 
(r2—r1) Lna2 
Substituting this in the previous expression gives the yield as 
_ 8xC%,r, 722 es 
f 9ri(r2—ry) Lon 
This shows that the yield is linear with voltage and cell concentration and is 
: proportional to the square root of the elapsed time. These results agree with 
¢ experiment as already discussed in earlier papers (Crane & Pohl, 1968; 
- Crane, 1970; Wiley, 1970; Pohl & Crane, 1971). Equation (69) also indicates 
that the yield is related to the square root of the quantity containing the 
permittivity, conductivity, and frequency terms. It now remains to be seen 
' whether y as defined in equation (58) can predict the proper experimental 


behavior. 


(67) 


(68) 


(69) 


4, Calculated Frequency and Conductivity Dependence of Yield 


_ In the previous section, a theoretical equation was derived which expressed 
the yield for a spherical electrode system. It correctly predicted the observed 
dependence of the yield on the voltage, cell concentration, and time. It will 
now be determined whether or not it also correctly predicts the observed 
frequency and conductivity dependence. To make this check, the quantity x, 
defined in equation (58), must be evaluated in terms of the physical parameters 
which describe our model yeast cell in aqueous suspension. This means that 
numerical values must be supplied for the various permittivities, conductivities 
and cell dimensions. 

' The fact that y is the real part of a complex expression which itself is a 
complicated combination of complex quantities means that the evaluation of 
y for a particular set of parameters is a very involved computation alge- 
braically. The use of a digital computer is therefore to be recommended, 
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particularly if the computer program can handle complex operations. Even | 
with the help of a computer it is desirable to simplify the expression as much 
as possible, based on the experimental data available concerning the various: 
parameters. | 


(A) RESTRICTIONS, SIMPLIFICATIONS, AND CHOSEN VALUES 


In general, we have permitted the quantities e and o to be complex. How- 
ever, this is not necessarily a requirement for the frequency range in which we} 
are interested. If some of the mechanisms are such that appreciable relaxa- 
tions do not occur until much higher frequencies, then it is justifiable to) 
assume for the lower frequency range that the corresponding parameters are 
real. It should be emphasized that even though ¢ and o may be real and have: 
no frequency dependence themselves, their combination to form €¢ is still 
complex, and is frequency dependent; and it is the ¢’s which appear in the: 
equation for x. ] 


Permittivities 


With the aim of simplifying the calculations, we examine the behavior o 
the permittivities in each of the various regions of the model cell. In each case, , 
the polarization will be assumed to be produced by rotating dipoles. : 

The suspending medium is essentially a dilute solution of salt ions in water. 4 
As discussed earlier (paper I), the relaxation for water occurs above 10!° Hz 
while that for ionic solutions is also in this range. Thus for measurements} 
involving frequencies below 10°Hz, ¢, can provisionally be considered| 
constant and real. By the same argument the permittivity of the ion shell and |} 
that of the interior, which is also essentially a salt solution, can be considered |} 
real. On the other hand, the membrane is composed primarily of proteins and |] 
lipids. According to Oncley (1942) the relaxation frequency for these materials} 
is in range 10°-10’ Hz; so that this relaxation falls in the high frequency end | 
of the frequencies investigated. However, for simplicity, this relaxation will be} 
assumed to have a negligible effect so that ¢, may be also considered real. | 
Since this assumption is not completely justified, any deviation of the pre-> 
dicted results from the experimental results in the 10°-10’ Hz frequency} 
range could well be due to ¢; relaxation. | 


¥ 


Conductivities 


The relaxation times for the conductivity of ionic solutions have been | 
treated in detail by Falkenhagen (1934). The relaxation time can be approxi-| 
mately related to the conductivity by 


t, ~ 10° "*/o (70) 
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ijwhen o is expressed in mho/m. The critical frequency is then given approxi- 
iymately by 


1 
fe = x ~ 20x10". (71) 


Generally the conductivities of ionic solutions are greater than 10~* mho/m 
(10° ohm cm~*), which implies that 


ih c>2 40° Hz: (72) 


{be ionic conductance, then equation (71) shows the relaxation frequency to 
ilie in the range from 2x 10* to 2x 10°Hz. The conduction mechanism is 
{probably not a pure ionic conduction so that f, is not restricted to this range, 
but this analysis does show that the relaxation of the membrane conduction 


| By considering all of the permittivities and conductivities except 72 to be 
real, we have reduced the number of quantities which require a numerical 
alue to the following thirteen: 6,, 62,, O22) Te21 43s T4s 15 E25 35 £4, Ay, Az 


} Some typical cell characteristics commensurate with those used by other 
researchers (Lieberman & Topaly, 1968; Schwan, 1957) are: 

&,, ~ 60, 

&2,~ 9, 

o, ~ 05-1, 

6,, ~ 10° 7-10" *, 
| (a,—a,) ~ 107° m, (73) 
lwhere the conductivities are in mho/m, (a,—a,) is the membrane thickness, 
land the relative permittivity or dielectric constant is defined in terms of &9, the 


&, = &/&. (74) 
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The suspending medium, being an aqueous salt solution, has | 
&4, ~ 80 (75}} 

and a conductivity which is approximately that measured as the suspensio oI 
conductivity. It will therefore vary from 10~* to 10~* mho/m depending on} 
the salt concentration and will be a controllable variable. | 
There are no accepted experimental values for the permittivity, conductivity# 
and thickness of the ion layer. Hence, these will be assigned what appear to bet 
reasonable values. Since the ion layer is essentially a more concentrated] 
solution of the suspending medium, it would be expected that the permittivity 
would be somewhat less than that of pure water and that the conductivity 
would be higher. The dielectric constant is set at 40, and the conductivity is 
assumed to be proportional to the suspension conductivity. That is « = 40) 
and 


a3 = hog, (76}} 
where the proportionality constant, /, is also a variable for the calculations.) 
The thickness of the ion layer is chosen to be 
(a3—a,) = 4x10°° m. 
There are presently no known methods of isolating a purely conduction} 
relaxation in cell membranes, and as a result there are no experimental values 
for o,,, and t2. These also, will have to be determined after some initial) 
calculations have been made. ) 
The final parameter to be specified is a,, the radius of the inner sphere,} 
which is essentially the radius of a typical yeast cell. From microscopiq} 
observation, the average radius has been determined to be | 
a, = 4x10°-°m. 
Numerical values have now been assigned to all of the parameters excepti| 
O20» Tg2, A and o4. For a particular experimental value of o4, these threey 
quantities are assigned values and y‘/? is calculated as a function of fre | 
quency. The results are then plotted and compared to the experimental yieldif 
curve for that o, since according to equation (69) the yield is proportional 
to x”. Changes are made in t2,,, T,, and A and the process is repeated. Wher 
the graphs agree as closely as possible over the entire frequency range used, 
then o2,,, T,2 and A are assumed to be correct and are fixed at these values. A 
different experimental conductivity is then chosen and with all of the para-+ 
meters at their previous values, the frequency dependence of x'/? is again! 
calculated. If the theory, the model, and the chosen values are correct, the n| 
this distribution should compare favorably with the experimental results. 
The above procedure has been carried out for the experimental conduct- 
ivities given in Figs 4 and 5. The numerical calculations were made utilizing? 
an IBM-360-50 digital computer. The values used for the parameters are} 
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shown in Table 1, and the graphs of the theoretical results are presented in 
Fig. 5. These should be compared with Fig. 4. There are two important 
similarities between the sets of data. One is the corresponding shapes; the 
low frequency maximum, the mid-frequency minimum, and the high fre- 
quency maximum for each case. The other is the shift of the curves to the 
tight as the suspension conductivity is increased. 


10 


Yield ( volume per minute, arbitrary units ) 


102 103 107 105 Jo® BE les 
Log v (Hz) 


| Fic. 4. Experimental variation of yield (arbitrary units, volume per minute) with fre- 


x72 


So? 108 104 108 108 10" 
Log v (Hz) 
Fic. 5. Theoretical variation of y1/? with frequency at various conductivities for the 


4wo-shell model of live yeast cells. 
T.B. 3 
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TABLE | 
Values of parameters used in calculations for living yeast cells 


Quantity Value 
a 4x 10-§m 
ag — ay 10-8 m 
a3 — a2 45010-2018 
€ir 60 
or 9 
€3r 40 
ar 80 
O71 1:0 mho/m 
Ons 10-§ mho/m 
O20 9-9 x 10-* mho/m 
Ue 10~% sec 
h 4:9 x 10% 


A comparison of the theoretical and experimental results over a wis 
frequency range is shown in Fig. 6. Here the experimental results of Fig. 8 ij 
Pohl & Crane (1971) are reproduced along with those calculated for 
equal to 10~* mho/m. Although the fit is not perfect, it is seen that the generz 
shapes are the same, including a high frequency cutoff at about 10° Hz. 


102 10° 10% 10° 108 10° 108 102 
Log v (Hz) 


: Fic. 6. Comparison of experimental and theoretical frequency dependences for a suspet | 
sion conductivity, ¢ = 10-? mho/m (live yeast cells), |] 
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_ In succeeding calculations the various parameters were allowed to change 
© see which part of the theoretical curve was affected by each and in what 
manner. It was found, somewhat surprisingly, that the high frequency cutoff 
yoint was largely determined by the conductivity of the inner sphere. An 
crease in o, increased this frequency. The low frequency response was 
|ound to be largely an effect of the relaxation of the membrane conductivity. 
Without this relaxation, the yield did not pass through a minimum and for the 
high conductivity suspensions, was zero at all low and medium frequencies 
such as shown in Fig. 7. The frequency at which the relaxation effect became 


x 1/2 


ie) 
102 10% 104 108 108 10" 108 109 
Log v (Hz) 
Fic. 7. Theoretical calculations of x1/2, assuming all permittivities and conductivities to 


ye real and therefore frequency-independent. o, = 10-? mho/m, two-shell model of live 
east cells. 


mportant was determined by the relaxation time. The magnitude of y1/? 
it the mid-frequency minimum is controlled by both the conductivity and 
lative thickness of the ion layer. As its conductivity is increased (or its 
hickness increased), the minimum becomes less pronounced and the curve 
lattens out. The high frequency peak cannot be attributed to any particular 
yarameter so it is likely a result of the entire model. The experimental data in 
3ig. 6 shows that in the neighborhood of 107 Hz, the yield levels off somewhat 
yefore dropping to zero. One can regard this as indicating, probably, a third 
yeak and a third characteristic relaxation time. This same type of result has 
yeen seen for other data taken in this laboratory by W. Chen. Since the present 
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} 
theoretical curve does not predict such a response, it could be due to a relaxa Hl 
tion process not considered. As was mentioned earlier, the relaxation of thi 
large organic molecules in the cell body or its membrane is in this region, for 
example, and could be responsible for this deviation of theory from expe "| 


ment. 


(B) APPLICATION TO DEAD CELLS 


It is interesting to apply the theoretical method further to a model for dea} 
yeast cells and to compare the results with experiment. This would lengj 
considerable support to the theory if it could also predict the response of dea 
cells using reasonable assumptions for their electrical parameters. 

Toward this end, calculations of z!/? were made with the followin: 
assumptions: the cell radius was reduced to 2x 10~°m as supported by 
microscopic measurements; the membrane was assumed to have been madd 
slightly porous by the killing process, allowing the conductivity of the centralf 
sphere to be equal to that of the suspending medium; all other parameter} 
were unchanged from those used in live cell calculations. Computations wer | 
made for values of o, corresponding to the experimental data given in Fig. 8 
and the theoretical results are shown in Fig. 9. The two essential characte 
istics, the absence of a low-frequency minimum and a lower cutoff point, ard 
predicted correctly. The shift with increasing conductivity is to the right} 
just as in Fig. 8; but the yield does not decrease in magnitude as experime 
shows it should. 


Yield ( volume per minute, arbitrary units ) 


OF 108 104 108 10& 10° 
Log v (Hz) 
Fic. 8. Experimental variation of yield (arbitrary units, volume per minute) with frequen | 


and with Suspension conductivity (collection voltage, 20 volts r.m.s.; on dead yeast cell] 
following autoclaving). 
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x 1/2 


102 108 104 10° 108 107 
Log v (Hz) 


Fic. 9. Theoretical calculation of x1/? and its frequency and suspension conductivity 
dependence, using two-shell model to represent autoclaved (dead) yeast cells. 


These overall results for both live and dead cells are encouraging. The 
‘ prediction of the general characteristics indicates that at least the theory is 
) headed in the right direction, perhaps needing refinements in the models as 
‘more is learned about the electrical properties of the cells. Once these 
i properties are known and a suitable theory is applied, dielectrophoresis will 
i truly become a useful tool for microbiological research. By studying the cell 
| behavior before and after the application of some external agent, the effect 
of the agent and its site of action might, for example, be quickly determined. 


5. Summary and Discussion 


(A) SUMMARY 


| It has been known for some time that dielectrophoresis could be used to 
| study the electrical properties of materials (Pohl & Schwar, 1959; Pohl & 
| Plymale, 1960; Pohl & Schwar, 1960; Pohl, 1968). Recently it has been applied 
3 successfully to living organisms (Pohl & Hawk, 1966; Crane & Pohl, 1968; 
Crane, 1970; Wiley, 1970; Pohl & Crane, 1971; Pohl & Crane, 1972). The 
) work presented here describes the investigation in considerable detail of the 
i behavior of yeast cells in non-uniform electric fields. The experimental pro- 
j}cedures and necessary equipment have been described. The “yield” was 
i selected as the best descriptive dependent variable. It expresses the length of 
| the stacks or chains of cells collected on the electrode in a given time. The 
|. experimental variation of the yield has been reported as a function of various 
| physical and biological parameters. It was found to be linear with voltage and 
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cell concentration, proportional to the square root of the time, and to be a | 
complicated function of frequency, suspension conductivity, and biological | 
parameters. 

The question arises as to how a particle such as a yeast cell, whose major | 
constituents have dielectric constants each less than that of water can experi- 
ence a stronger dielectrophoretic force than an equivalent volume of water. 
Simple theory concerning insulating materials does not allow this result but | 
requires the stronger force to be experienced by the material of the higher | 
dielectric constant. Clearly the observations call for a deeper analysis than |} 
that for the simply polarizing dielectrics. We have in fact to deal with a | 
composite system which contains both conductive and polarizable materials. | 
Just as clearly then, both polarization and conduction must be included in 
the analysis. | 

There are two approaches which can be taken toward answering this |} 
question when both polarization and conduction must be considered. One is | 
the “effective” polarization viewpoint which attributes an overall effective | 
polarizability to the particle, and thus arrives at an “effective dielectric } 
constant’. This approach leaves some doubt as to how the force should | 
later be calculated (Javid & Brown, 1963; Neufeld, 1966). 

Another approach is through energy considerations, wherein the energy in | 
the system is considered before and after the particle is introduced. This can | | 
be broken down as follows: when the charge on the conductors producing the ) 
electric field does not remain constant, not all of the change in energy of the | 
system goes into work done on the test body. Part also goes into work done | 
at the electrodes in the movement of charge. It is therefore necessary to have | | 
an expression for the energy associated with the body only. This expression |} 
was obtained in an earlier paper (paper I). The force may then be easily | 
obtained by taking the negative gradient of the energy function. The advant- || 
age of this approach is its straightforwardness. All that must be known are the | 
electric field, the permittivity and the conducitivity throughout space. | 

The energy approach has been selected here as being more basic, and a|} 
derivation was given for the force on an arbitrary particle in an arbitrary | 
suspending medium (paper I). The result is general to the extent that sinu- i} 
soidal fields are considered and all of the constitutive parameters are allowed || 
to be complex. This permits the conductivity o and permittivity e to each be | 
associated with a separate physical mechanism, having its own frequency | 
dependence; i.e. a dual mechanism approach. | 

In order to apply the force expression to a yeast cell in aqueous suspension, || 
a specific model was chosen which could be given properties comparable to | 
that of a suspended cell. The model consisted of a sphere enclosed by two thin|| 
shells placed in an external medium. The inner sphere was to represent the} 
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cell corpus proper, the first shell represented the cell membrane and the 
| second shell was to approximate a cell wall-based surrounding ionic atmo- 
| sphere. To facilitate the derivation of the electric fields for this particular 
- model, some simplifying but reasonable assumptions were made. These were 
| that the parameters o and ¢ were field-independent, were not functions of 
direction, but could be functions of frequency; that the frequency was low 
enough to permit the field to be derived from a scalar potential function, i.e. 
' magnetic forces were neglected; and that the potential throughout the sphere 
_ was approximately equal to that for a sphere in a uniform field. 

Having obtained an expression for the force on the model cell, a derivation 
_ was then made to obtain the expected yield for a suspension of these particles 
in a field of spherical geometry. The result showed the yield to be linear with 
voltage and concentration, and proportional to the square root of the elapsed 
, time; exactly the experimental results. The frequency dependence of the yield 
), was seen to be contained in the real part of a complex expression involving 
|, the complex dielectric factor of each region. Assuming reasonable numerical 
. values for the model parameters, and assuming all of them non-complex 
| except o,, the membrane conductivity, the dependence of the yield on fre- 
| quency and suspension conductivity, was calculated using a digital computer. 
|, It was found to have the same general features as the experimental results 
* and to furnish a gratifyingly good description of the observations. With only 
minor changes in the values of the parameters, the theory was also shown to 

apply to yeast cells which had been killed by autoclaving. 


(B) DISCUSSION 


Several conclusions may be drawn from this work. It had been experi- 
mentally demonstrated that dielectrophoresis was applicable to living 
organisms. A detailed theoretical analysis has shown that the frequency and 
suspension conductivity are the two parameters which elucidate the depend- 
ence of the yield on the particular organism. 

The qualitative agreement between the experimental and theoretical results 
supports the basic energy approach to the explanation of dielectrophoresis. 
| It also implies that the frequency dependence is due in most part to the 

variation of the average values of the electric fields in the different regions, 
_rather than due largely to the general frequency dependence of the con- 
ductivities and permittivities themselves throughout the cell and medium. 

The only frequency-dependent quantity found necessary in our particular 
‘theoretical model was that of a conductivity relaxation in the cell membrane 
which provides for the low frequency collection. It is expected that the in- 
clusion of other parameters would only change the details of the results and 
not the overall behavior. It might still be desirable to consider the more 
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general case of all of the parameters being complex in order to obtain informa- | 
tion about a specific region, but that is left for the future. 

Certainly the two shell model used is not expected to describe exactly an 
organism so complex as a living cell. In fact, more detailed models can easily | 
be envisaged. One model which would maintain the spherical symmetry, and | 
thus only complicate the algebra, would be a model with three shells. In this } 
case the extra shell could be considered as a charge layer inside the membrane. | 
Or the extra layer might be given the properties of the cell wall and considered | 
to lie between the membrane and the outer ion layer. More complicated. 
models could be constructed to take into account the eccentricity of the cell, 
or to represent various cytoplasmic bodies. Carried to the ultimate, each 
molecular species in each region could be given its particular electrical 
characteristics; but the corresponding model and its mathematical solution 
could quite possibly be hopelessly complex. This remains to be seen. | 

The attractive part of the present model approach to representing the) 
behavior is that it gives a physical insight into the problem. It allows separate | 
characteristics to be ascribed to the different major parts of the cell, which is | 
esthetically more pleasing than to try to represent the entire cell by some} 
empirically ‘effective’? parameters as has been done by some (Miles &| 
Robertson, 1932; Sher, 1968). The division of the conduction and polariza- | 
tion into two distinct physical processes is also satisfying to the purist who jf 
prefers that mathematical constructs be expressions with physical meaning. |} 

The future for biological dielectrophoresis seems bright. Now that the }} 
experimental techniques have been devised and a workable theory developed, |} 
the investigation of other organisms can begin in earnest. The response of! 
other organisms will be different from that of yeast, but probably only in|} 
detail, since the gross electrical characteristics of most micro-organisms are}} 
approximately the same. With the inevitable refinement of techniques, such | 
as the study of cells all in the same growth phase or the study of a single cell, || 
many of the errors and non-reproducibilities of this work will be eliminated, || 
and these details will be more easily observable. The cause and effect relation- || 
ships between the treatment and response of a cell will then be quickly || 
determinable, thereby making dielectrophoresis a useful tool for the micro-}| 
biologist. . 
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When two different vertebrate embryonic tissues are dissociated into 
individual cells, which are then recombined into mixed aggregates, the 
differing cells sort out within the aggregates to form a characteristic 
structure. The kinetics of cell sorting closely resembles the kinetics of 
breaking of an unstable emulsion of two immiscible liquids. We investigate 
the consequences of the postulate that cell rearrangement in such a system 
is driven by the tension at the interfaces between the two cell populations 
and resisted by ‘“‘tissue viscosities’, the latter being a newly recognized 
parameter of cell sorting. Using preliminary experimental data on cell 
population interfacial tensions and on the time for fusion of two identical 
spherical aggregates, the viscous liquid model leads to estimates for tissue 
viscosities in the range of 0-4 x 10° to 0-7 x 108 poise. Also, using two other 
independent sets of data, one on the time for breaking of a roughly 
cylindrical cell aggregate into a few clusters, and the other on the time for 
the rounding-up of an approximately ellipsoidal tissue mass into a roughly 
spherical mass, tissue viscosities are again estimated to be in the range of 
106 to 1-5 x 10 poise. In attempting to find a possible basis for such high 
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effective viscosities, we propose that: (i) tissue viscosities would most 
likely result from sliding friction between the cell membranes; (ii) the cell 
membranes would have to possess protrusions of molecular or macro- 
molecular dimensions; and (iii) the ratio of the surface tension to the 
logarithm of viscosity should, if this model is correct, be approximately 
constant, independent of the tissue. 


1. Introduction 


When cells from two different vertebrate embryonic tissues are dissociateg 
and recombined into a randomly mixed aggregate, they sort out, ofteg 
approaching the configuration of a sphere of one type of tissue within | | 
sphere of the other (Steinberg, 1963, 1964, 1970). The same configuratios 
may be approached through a spreading or engulfing process after piece 
of differing embryonic tissues are held in contact and fused (Townes « 
Holtfreter, 1955; Steinberg, 1962b, 1963, 1964, 1970). One of us (Steinbers 
1962b, 1963, 1964, 1970) postulated that such behavioral traits of ce§ 
populations would follow directly from their possession of motility and ( 
quantitative differentials in adhesiveness. This connection has been formu 
lated thermodynamically by Phillips (1969). The existence of the postulates 
adhesive differences between cell populations obtained from different tissu ‘ 
has been demonstrated directly by the sessile drop method (Phillips, 1964 
and in preparation; Phillips & Steinberg, 1969, and in preparation). 

The mechanism of cell motility during cell sorting has not yet received thi 
attention it deserves. In theoretical studies a lattice model was used that wa 
originally devised to determine the stable configurations approached by mod: 
cell mixtures whose various types of interfaces were assigned a given set ¢ 
values of adhesive strengths (Goel, a Gordon, Rosen, Martine 
& Yéas, 1970). However, when certain “reasonable” rules for cell motilit 
were assumed, in order to simulate the kinetics of cell sorting, the rearrangini 
populations fell short of actually achieving the configuration of a sphet 
within a sphere (“onion” configuration, Goel et al., 1970), even thougy 
this was the most stable configuration. The “‘cells”” became trapped in local 
stable (metastable) configurations. With a different set of motility rule¢ 
there was a reasonable degree of cell sorting (Leith & Goel, 1971), but tht 
clusters were not of minimum perimeter as indicated (cf. Vasiliev & Pyatetsk 
Shapiro, 1971). 

We thus learned that it is not sufficient to describe cells as motile ani 
differentially adhesive to explain the dynamics of cell sorting. Their motilit 
must be of a special kind. We were then faced with the problem of discoveri 
a set of “motility rules” which not only give the observed final configuratio : 
at equilibrium, but also produce kinetic behavior which allows these equil 
brium configurations to be attained from a random mixture. 
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| In lattice simulations, because of the nature of the models, a “‘cell” could 
jmake no movement less than a jump at least equal in length to its diameter. 
)In this paper we will investigate the consequences of a continuous model in 
which cell rearrangement is driven by the tension at the interfaces between 
the two cell populations and is resisted by their “‘tissue viscosities”, the latter 
being a newly recognized parameter of cell sorting (Goel et al., 1970). In this 
model, all the cellular translocations are accompanied by decreases in inter- 
facial free energy, but the cells move only tiny distances at a time. Combining 
preliminary experimental data on cell population interfacial free energies 
(Phillips & Steinberg, unpublished) and the time for fusion of two identical 
spherical aggregates, we obtain from this model estimates for tissue viscosities 
| in the range from 0-4 x 10° to 0-7 x 108 poise. Also, using two other experi- 
jmental observations, one on the breaking of a roughly cylindrical aggregate 
jof cells into a few beads or clusters (Appendix B), and the other on the 
‘rounding-up of an approximately ellipsoidal tissue mass into roughly 
i spherical form (Appendix C), we derive from this model further independent 
kestimates for tissue viscosities which compare very well with the estimate 
‘derived from the data on fusion. Using Eyring’s absolute rate theory of 
Viscosity (Glasstone, Laidler & Eyring, 1941), and assuming small pro- 
itrusions of molecular or macromolecular dimensions on the membrane 
)surfaces, we give a possible basis for such high viscosities in terms of the free 
lenergy of movement of protrusions past one another, as cells slide past each 
other. Data are presented on the temperature-dependence of the rate of cell 
tsorting (Appendix D). The observed temperature-dependence in the 30-37°C 
‘range is in good agreement with that calculated on the basis of the model. 

| A review of the kinetics of lattice models, including a crude lattice simu- 
lation of the continuous liquids model, is given in Appendix A. Appendices E 
jand F discuss the interfacial tension between unlike tissues and relevant 
baspects of engulfing and spreading phenomena. We proceed directly with the 
description and consequences of the viscous liquid model of cell sorting. 


| 


} 
{ 


2. Immiscible Viscous Liquid Analogy: A Continuous Model 


In earlier papers (Steinberg, 1962b, 1963, 1964, 1970; Phillips, 1969), 
rearranging heterogeneous cell systems have been compared with immiscible 
liquid systems, and certain thermodynamic properties shared by the two kinds 
tof system have been identified as the sources of their closely similar behavior. 
It was pointed out that the kinetics of cell sorting is similar to the kinetics of 
the breaking of an unstable emulsion of two immiscible liquids. We would 
like to extend and refine this comparison by adding reasons for postulating 
‘that such liquid-like cell systems may be highly viscous. We will investigate 
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the consequences of regarding cell sorting as being driven by intercellular} 
forces and resisted by the tissue viscosity. According to this model, the only} 
intrinsic motility required of a cell is that it should be able to undergo} 
continual small changes in its intercellular contacts. This would happen if the: 
cells were deformable and their membranes were in continual slight motion.| 
We will assume (without committing ourselves to this assumption) that this 
motion is passive, Brownian motion, as in liquids (see Discussion). This model 
requires all cellular translocations to be associated with decreases in the} 
interfacial free energy of the cell population, but these translocations occur} 
by only minute fractions of a cell’s membrane area at a time, essentially) 
continuously, rather than by large jumps, as was the case in the lattice model. } 

It is difficult to determine whether a random mixture of cells of two types is} 
behaving precisely like a mixture of two immiscible, highly viscous liquids, } 
since the hydrodynamic equations have not been solved for such a compli-: 
cated geometry. Moreover, it is not at first clear just what measurements 
should be made to investigate this question. A number of qualitative features¥ 
of such a system are apparent, and some of these may indeed be detected in 
Trinkaus’ description of the consolidation of groups of retinal pigment cells 
within a translucent aggregate of heart cells (Trinkaus, 1969): “With ajj 
sufficient proportion of pigment cells, small clusters form at random internally} 
within a few hours. . .. Clusters enlarge by accretion, the adhesive addition o 1 
individual cells and tiny clusters. As clusters enlarge, they often contact} 
adjacent clusters and fuse. Clusters are constantly changing shape.... These 
form changes often cause adjacent clusters to contact each other and fuse. 
During the final phases of sorting out (after approximately 48 hours). ..}| 
clusters now round up.... There is also a contraction of networks of inter-} 
connected clusters. ... This causes some clusters to pull apart. . .. Clusters off 
pigment cells do not disaggregate, do not move....” | 


3. Fusion or Sintering of Tissues and Estimation of Tissue 
Viscosity According to the Viscous Liquid Model 


If the viscous liquid model were correct, then tissue viscosities could be} 
estimated by comparing the dynamics of cell populations with the dynamics of} 
viscous liquids placed in similar initial geometrical configurations. Various} 
simple geometries are available for which the hydrodynamic equations have} 
been solved for change of shape driven by interfacial tension and resisted by} 
viscosity. We will discuss fusion (sintering) of two drops, the breakup of al 
cylinder into drops, the rounding up of an ellipsoid into a sphere, engulfing} 


of one drop by another, and spreading of a drop on a surface (the latter four 
in Appendices). 


{ 


RHEOLOGY OF CELL SORTING 47 


When two drops of a viscous liquid are placed in contact, they slowly fuse 
together. The beginning of such fusion or “sintering” for isotropic, highly 
viscous liquids may be described by 

3act 
2 ao 


= 50 (1) 


where a is the radius of each of two identical, fusing spherical drops, ¢ is the 
time, x is the radius of the circle of contact between the spheres, o is the 
interfacial tension, and p is the viscosity of the material constituting the drops 
(Frenkel, 1945).+ 

We took seven matched pairs of five-day embryonic chick heart re- 
aggregates (rounded up overnight after trypsin dissociation and reaggrega- 
tion, Appendix D), and measured x at half hour intervals after fusion. In 
Fig. 1 we have plotted 27x?/(3a) vs. the time t. The result is a straight line, as 
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Fic. 1. Length parameter 27x?/(3a) (left scale) vs. the time t for the fusion of spheres of 
reaggregated chick heart cells. Each straight line is the least squares fit to a matched pair of 
average radii 148, 161, 159, 172, 159, 154 and 149 um, respectively. The slopes, which 
measure a/u [equation (1)], are 11-8, 7-1, 11-7, 16-6, 17:2, 10-1 and 19-0 x 10-7 cm/sec 
(plotted on the right). The contact times, determined by extrapolation, are displaced by 
5000 sec intervals for clarity. Matching of radii was within 10 um. 


predicted by equation (1), whose slope is to be interpreted as o/p. Least 
squares fits gave slopes from 7:1 x 10~7 to 19:0 x 1077 cm/sec, with a mean 
of 13-4x 1077 cm/sec. Less extensive data on five-day liver reaggregates, 
rounded-up liver fragments and four-day forelimb bud cores gave 27-5 x 107’, 
7-2x10~7, and 4-4x 1077 cm/sec, respectively. Thus, in these preliminary 
xperiments, o/u was found to range from 4:4 to 27-5 x 10~7 cm/sec. (The 
variability for identical tissues is not yet understood.) 

Preliminary data from equilibrium sessile drop experiments (Phillips, 1969; 


+ Equation (1) clearly applies only to the beginning of fusion, since x has a maximum 
me 2 a 1-26a: 
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(H. Phillips, personal communication). (Note that these are static measure} 
ments at shape equilibrium and are independent of viscosity.) Thus p ii 
calculated from the above estimates for o/y to be in the range 0-4x 10° % 4 
0-7 x 10° poise. This is an exceedingly high viscosity, comparable to that 0} 
pitch at around 20°C (Hatschek, 1928). [See Lontz (1964) for a “‘viscosity 
spectrum”. | 

Two other hydrodynamic-like phenomena have been similarly analyzed! 
In Appendix B we consider the breaking of a roughly cylindrical aggregate 
of cells into a few clusters. This is illustrated in a set of photomicrographs by} 
Trinkaus & Lentz (1964, Figs 29 and 30) which show a rough cylinder o} 
cells almost completely separating into three drops during a period of 52 hr 
In Appendix C we consider the rounding up of an ellipsoidal tissue into é | 
sphere. This has been observed by Phillips & Steinberg (1969) who found 
that certain chick embryonic cell aggregates 0-008 x 0-04 x 0:04cm?* nearly 
rounded up overnight (~ 16hr, H. Phillips, personal communication). Drog 
formation gives a range of 5x 10° to 1-5x 10° poise, while the rounding ug 
gives 1 x 10° to 3 x 10’ poise for the tissue viscosity, according to the model] 
These are in good agreement with the range estimated from the data on fusion, 

Thus we have demonstrated in three independent ways that tissue viscosities} 
calculated in accordance with the viscous liquid model are remarkably high: 
with values in the range 0-4x 10° to 1-5x 10% poise. (Note that since the 
actual range of interfacial tensions may be less than the experimental estimate 
of 1 to 30 dyne/cm, the range of viscosities might likewise be more restricted.) 

A liquid will change shape in response to any shearing stress, no matter ho 
small. A viscous liquid takes some time to do this. Reaggregated tissuess 
placed in various configurations, slowly change their geometry. The fina) 
shapes suggest that they are behaving like liquids driven by interfacia 
tensions. When these interfacial tensions are opposed by another force 0) 
known magnitude, as by centrifugal force in the sessile drop experimentss 
their magnitude may be calculated from the final shapes. 

The validity of the concept of tissue viscosity depends primarily on whethe? 
a tissue conforms to the above definition of a liquid. This can be subjected 
to an experimental test. The only stresses which have been applied to re} 
aggregated tissues are centrifugal forces and the tissues’ own interfacias 
tensions. Other sources of stress, such as weights, etc. could be imagined. | 

The cellular nature of the rearranging tissues, and the causes of the resist} 
ance to applied forces, are irrelevant to the calculation of tissue viscosities 
But the viscosities we obtain are so uniquely high that it is reasonable to ask 
what cellular components could possibly be responsible for them. | 

The basic question we have to answer is why the cells rearrange so slowly; 
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f they were moving actively, supplying a driving force over and above the 
aterfacial tensions, the combined forces must then be meeting an even 
figher resistance (viscosity) than we have calculated. Thus we will assume, 
br purposes of the present argument, that the cells move passively. 

) The protoplasm inside various cells has a viscosity from 107! to 10? poise 
deilbrunn, 1958), which is many orders of magnitude too low to account for 
je calculated tissue viscosities. These measurements of protoplasmic 
iscosity presumably include the effects of microtubules etc. within the cells. 
j It is doubtful that cell membranes themselves could be sufficiently rigid to 
iccount for these tissue viscosities, especially in light of the results of Frye & 
iididin (1970), indicating that the membranes possess considerable fluidity. 

} It is possible that a reaggregated tissue might be rigidly held together by a 
yetwork of filaments, although such have not been observed. 

i We will next show that it is quite reasonable to suppose that such high 
fiscosities reflect the difficulty of sliding the cell membranes past each other. 
{ this should be the case, then the tissue viscosity would strongly reflect the 
jiction between the surfaces of the apposed cell membranes. There are three 
fegimes for such friction (Akhmatov, 1966): (i) hydrodynamic friction, which 
fi due to the viscosity of fluid between the surfaces; (ii) juvenile friction, due to 
lirect “contact” between surfaces; and (iii) boundary friction, the inter- 
iiediate case, which involves a layer of fluid whose properties are influenced 
the surfaces. 

* Suppose that the sliding of the cell membranes involved hydrodynamic 
hiction. One might regard the tissue as a concentrated emulsion of cells in the 
ntercellular fluid. If the cells acted like an ordinary dispersed phase of 


brmulae which have been developed for such emulsions (Gillespie, 1963). 
in the other hand, cells in these tissues are flexible, so that it may be highly 
naccurate to describe them as hydrodynamically interacting spheres. We are 
Inaware of any measurements of the viscosity of a concentrated suspension, 
1 a viscous medium, of flexible bags containing a low viscosity liquid. 
Appropriately designed artificial cells (Chang, MacIntosh & Mason, 1966) 
ould be useful here. | It seems possible that the viscosity of such a suspension 
Inuld be comparable to that of the viscous intercellular phase. If this were so, 
» seems that there is no plausible fluid to postulate for the intercellular 
lhedium which would both have a bulk viscosity of 10°-10* poise and be 
fater-immiscible. (If the medium were miscible with water, the solutes 
quired to provide the high viscosity would draw water from the environs, 
ind the viscosity would decrease.) Thus it seems unlikely to us that the sliding 
liction is predominantly hydrodynamic, though rigorous proof remains to 
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The fluid between the apposed cell membranes is likely to contain a lary 
proportion of water whose structure will be influenced by the membrane 
Peschel & Adlfinger (1970) have investigated the anomalous viscosity of wa 4 
between hydroxylated fused silica surfaces. If we extrapolate their highe} 
values to a membrane separation of 100A, using their equation (5), tl} 
apparent viscosity of the water increases only forty-fold, to 0-4 poise. Thy 
it-seems unlikely that boundary friction could be responsible for high tisstj 
viscosities. We therefore conclude that the high viscosity of sorting cé 
populations would most likely be due to juvenile friction involving dire} 
“contact” between molecular constituents of the surfaces.t This we discuy 
in the next section. 


4. A Possible Explanation of High Tissue Viscosities 


In this section we will provide a possible explanation for high tissuj 
viscosities (0-4 x 10°-1-5 x 108 poise) such as we have calculated on the bas 
of the viscous liquid model. We shall use the classical Eyring theory « 
viscosity for ordinary liquids (Glasstone et al., 1941). i} 

In Eyring’s theory, viscosity of a liquid is calculated by using the theory « 
absolute reaction rates. This is possible since the flow of a liquid is a raj 
process insofar as it takes place with a definite velocity under given conditiony 
The theory is developed in terms of the motion of one layer of molecules pa | 
another, which is assumed to involve the passage of a molecule from o 
equilibrium position to another such position in the same layer. This | 
possible if a suitable hole or site is available, which requires pushing bad 
other molecules and, hence, expenditure of energy. Thus the jump of HH 
moving molecule from one equilibrium position to the next is regarded | 
equivalent to the passage of the system over a potential energy barrier. B 
taking a symmetrical energy barrier, the following expression for the viscosit 
is derived [equations (22), (25), and (26), Chapter IX, Glasstone et al., 1941 


wah eR), ( 


where h is Planck’s constant (= 6-6 x 107?’ ergsec), R is the gas constan 
(= 8:4x 107erg/mole), V is the molar volume of the moving molecules, 


} Parsegian & Gingell (1972a,b) have attempted to model cell-cell interactions using tw 
thin lipid films, representing the membranes (sometimes “‘sugar’” coated), which a 
surrounded by water on all sides. They calculate the van der Waals forces between the fil 
using Lifshitz (1956) theory. Their current model is continuous and uses the bulk properti# 
of the phases. Thus if one imagines one membrane sliding relative to another, their calculi 
tions would yield hydrodynamic rather than juvenile friction, and thus could not explain tl 
high effective viscosities of the tissues. On the other hand, such van der Waals calculatio 
could be repeated for ‘“‘bumpy” membranes. 
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is Avogadro’s number (= 6-2 x 1073 molecules/mole), (so that V/N is the 
rolume inhabited by a single molecule in the liquid state), AF* is the stand- 
‘ird free energy of activation per mole, 7 is the absolute temperature, A, is 
tthe distance between centers of molecules in the two layers, and d is the 
ilistance between two equilibrium positions in the direction of motion. 

t Now, in making the transition from considering the viscosity of moving 
i”iquids to considering the viscosity of moving cell populations, let us assume 
the existence on the apposed cell surfaces of tiny interdigitating protrusions 
what disengage and re-engage, moving from one location to the next as two 
tells move past each other. For simplicity, let us take these protrusions to be 
pherical (radius s) and closely packed on the cell surfaces (cf. Appendix E). 
Ve shall also make the reasonable assumption that 1,, the distance between 
he centers of these protrusions on apposed cells, approximately equals 2. 
iCherefore equation (2) becomes 


pV 

a 
AF RT In AN’ (3) 
iNote that since the dependence of AF? on yp and V/N is logarithmic, AF? is 
jot very sensitive to either of them. Let us now estimate AF? for this system. 
)n the basis of experiments on cell aggregates, we have estimated above, 
Through the viscous liquid model, a viscosity in the range of 0-4x 10°- 
7-5 x 10° poise. If we choose a range 10-50 A for s, the radius of a protrusion, 
find T = 37°C = 310 K, equation (3) yields a range of 14 to 23 kcal/mole 
for AF*. (V/N = 4/3zs°.) 
If the explanation given for the viscosity is correct, then the tissue viscosity 
thould decrease with an increase in 7. More precisely, log uw should be 
ir versely proportional to the absolute temperature T. The time for sorting-out 
thould be directly proportional to the viscosity. We assume that this pro- 
Hortionality would be linear (this is true in the mathematical expressions 
lised in this paper to describe fusion, time for breaking of a cylinder into 
ilusters, and rounding up of a tissue), so that the logarithm of the time for 
jorting-out would then be inversely proportional to T. (This, of course, would 
lot be true if the change in temperature also changes the properties of the 
brotrusions on the membrane to the extent that AF* changes appreciably.) 
ifhus, from equation (3), for two temperatures T, and T), 


EB : 
Sb eas Junk ) ® 


a) ease a Ge i alk (5) 
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where ¢(T) is the sorting-out time at temperature 7. From equation (5), fe a 
the two values of AF?, 14 kcal/mole and 23 kcal/mole, ratios of values of }} 
for T, = 30°C, 20°C and 10°C, and T, = 37-5°C are as shown in Table 1. 


TABLE | 


Calculated values of the ratio of times for sorting out at different temperatured 


AFt kcal/mole —_¢(30)/t(37-5) t(20)/t(37-5) t(10)/t(37°5) 


14 1:8 39 9-2 
23 255 9-1 36:0 


at these temperatures is described in Appendix D. From these experiments wy 
conclude that t(30°C)/t(37-5°C), for the combination studied, ~ 1-5-2-0, i 
in agreement with the prediction given above. However, t(20°C)/t(37:5°C 
and t(10°C)/t(37:5°C) are much larger than the predicted value. This doe 
not in itself invalidate the viscous liquid model because AF* may increase aj 
temperature decreases and thus slow the sorting-out time. 

Further agreement between consequences of the viscous liquid model ang 
experimental results is found if we carry the comparison of tissues witll 
liquids a bit farther. We will show that by knowing AF* and applying thi 
viscous liquid model, an estimate of surface tension can be made which is it 
accordance with the experimental value of 1-30 dyne/cm used in arriving al 
the viscosity. Let us first describe the procedure used for liquids (Glassto | 
et al., 1941). | 

Consider a liquid consisting of N molecules bound to each other by “‘bonds}} 
with energy NE/2. E/2 is the energy required to vaporize a molecule, provided) 


the other molecules adjust in such a way that no holes are left in the liquid i 
Since £ is the energy required to vaporize a molecule when a hole is left} 
E-—E/2 = E/2 is also the energy needed to make a hole of molecular size ia} 
the liquid without vaporizing a molecule. Therefore, the amount of energy 
required to make a hole in the liquid large enough for a molecule is the sama 
as to evaporate a molecule without making a hole. However, the latte} 
quantity is equivalent to the energy of vaporization per mole AE aps Wher 
AE,,, = AH,,,—RT. AH,,, is the normal latent heat of vaporization, and R 
is the correction for the external work done in vaporizing one mole of liquid 
the vapor being assumed to behave as an ideal gas. For a molecule to ta 
part in flow, a hole must be available. This hole is not necessarily the full siz 
of a molecule, but will be some fraction represented by the additional volum 


I 


4 
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ithe free energy of activation AF? may be expected to be some fraction of the 
}energy required for making the hole, i.e. some fraction g of the energy E/2 
)required to vaporize a molecule without leaving a hole. For ordinary liquids 
g is about 4 to 4 (Glasstone et al., 1941). If we presume that this fraction g is 
a fundamental quantity, then knowing AF*, we can calculate the binding 
energy E from AF? = gE/2. 

| The surface tension is approximately half of the free energy per unit area of 
{cohesion, or o = E/4 = AF*/(2g) (Krupp, 1967). Therefore, for ordinary 
fliquids, surface tension is about one or two times AF* per unit area. 

| In our case, for two cells to move past each other, a protrusion has to 


iitension will be half of it. For AF? = 20kcal/mole and for an area of about 
11-6x10~1* to 35x 10~'*cm? per protrusion, (area per protrusion for a 


Phexagonal close packed arrangement = 3./ 357/4 = 1-555), corresponding 
‘to s = 10 and 50A, respectively, AF* per unit area varies from about 
#90erg/cem? to 4erg/cm* (l1kcal = 4:186x 101° erg). Therefore, surface 
}tension, according to this model, would be roughly 2-90 dyne/cm, which is 
consistent with the experimental values we have been using. 

! Using the same assumptions about the membrane protrusions and their 
finteractions, it is possible to carry the theory yet another step, and predict 
Jinterfacial tensions between different tissues from their individual surface 
itensions (Appendix E), provided the adhesion mechanisms are very similar 
for different cells. However, data are not yet available to quantitatively test 


ithis extension of the theory. 


5, Discussion 


We have explored certain of the consequences of assuming a rheological] 
jmechanism of cell movement during sorting. According to the model 
investigated, the force responsible for sorting is the interfacial tension between 
wo cell populations, and the force opposing the sorting is some kind of 
Mfrictional force. We have used the concept of tissue viscosity, introduced 
| ecently (Goel et al., 1970), as a quantitative representation of this latter 
‘force. On the basis of this viscous liquid model, we have made three inde- 
‘pendent estimates of tissue viscosities. These estimates rely upon the experi- 
mental data on the rate of fusion of tissues, rounding up of non-spherical 
ba geregates, and breaking of elongated multicellular strands into clusters, all 
lof which are believed to occur due to the same force. These estimates all fall 
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within the range of 0-4 x 10° to 1-5 x 108 poise. In an effort to find a possibley] 
basis for such a high effective viscosity, we concluded that it would mos | 
likely be due to sliding friction between apposing cell membrane surfaces, |) 
and that the cell membranes would have to possess interdigitating protrusionss| 
of molecular or macromolecular dimensions on their surfaces to experiences] 
such high frictional forces. It should be emphasized that equilibrium aspectsy) 
of cell sorting could by themselves have afforded no basis for proposing the) 
existence of irregularities on the cell membrane surfaces. This is so because,| 
in principle, by choosing appropriate parameters and using standard theory, } 
of surface tension of liquids (Fowkes, 1967), one could account for they) 
observed surface tension of cell populations even by assuming that they} 
membranes have a smooth surface structure. Only the consideration off 
kinetic aspects of cell sorting has allowed us to differentiate between certaing} 


consequences of the presence of “‘smooth’’ vs. “bumpy” cell surfaces. I 


the existence of “bumpy” cell surfaces. The required protrusions may already 
have been seen by electron microscopy (Spycher, 1970). If our rheological 


need not be motile in a classical “amoeboid” fashion (Steinberg, 1962a).} 
Weston & Abercrombie (1967) observed, in fusions of labeled and unlabeled 
tissue fragments, that the cells seemed immobile despite the ability of they 
fragments to round up. They suggested that “‘cells within these fragmentsy 
might establish adhesions by means of cytoplasmic projections which they) 
continually extend and retract . . . the translocation of cells might be associated j 
with the tendency of more stable (‘stronger’) adhesions of these projection 
to increase their area at the expense of less stable (‘weaker’) ones. Displace-} 
ment of the cells in these tissues may occur, therefore, only as a consequenc 
of the process of maximizing adhesions as postulated by Steinberg.” Trinkaus¥ 
(1969) also suggested that “it may be necessary to substitute changes in cel i 
shape, such as assumption of dendritic form and contraction of filopodia, fo | 
the motility component in Steinberg’s scheme”. The differential adhesio 1 
hypothesis does not prescribe the nature of the motility component, and iti 
was early pointed out that the behavior of sorting units is “independent off 


the causes of their motility” (Steinberg, 1963, p. 403). However the motilit | 


Cl 


causing relative motion between cells might well vary from one real-life cas o| 
to another (Steinberg & Wiseman, 1972). Nevertheless, it is sufficient (although 
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not necessary) to model cell sorting as a passive process. The cells need only 
be able to change shape, but these shape changes themselves could be driven 
| by interfacial tensions and require no metabolic energy. This is in harmony 
with the previous statement by one of us (Steinberg, 1962d) that “energy is not 
expended for the rupture of a given intercellular adhesion if the break is 
induced by the force applied by another cell in the act of replacing the previous 
adhesion with a stronger one”. The later statement (Steinberg, 1964) that 
“cell movement per se will consume metabolic energy under any circum- 
stances: energy which must be expended in order to rupture existing attach- 
ments” was intended to refer only to active cell movements. Brownian motion 
} due to thermal energy should in principle be sufficient to produce ruptures 
among existing attachments, so that cell sorting could in principle be a passive 
process. 

The observation that the drug cytochalasin B, an inhibitor of active cell 
} motility, prevents cell sorting in cell mixtures of several kinds (Wiseman & 
Steinberg, 1971; Sanger & Holtzer, 1972; Maslow & Mayhew, 1972; Stein- 
berg & Wiseman, 1972; Armstrong & Parenti, 1972) suggests that active cell 
} movements are important in cell sorting. On the other hand, the observation 
| that mixtures of neural retinal and pigmented retinal cells can sort out to an 
}appreciable extent despite the presence of cytochalasin B (Armstrong & 
‘Parenti, 1972) suggests that the interfacial forces that evidently guide cell 
sorting are strong enough, in certain cases, to drive it as well. Thus it appears 
‘that the cell movements accompanying cell sorting result from a combination 
tof active and passive processes (“cooperative”’ cell movement, Steinberg & 
| Wiseman, 1972). 
| Of course, nothing in our presentation argues against the possibility that 
tsorting-out may, in fact, be accompanied by active cell motility (Steinberg & 
} Garrod, in preparation; Steinberg & Wiseman, in preparation). There are 
three plausible modes for such motility: (i) synergistic motility, in which the 
cells actively enhance their motion in the same direction in which they would 
igo if moved passively by interfacial tensions; (ii) undirected or random 
motion of the cell membranes, additional to that caused by Brownian motion; 
(iii) antagonistic motility, in which the cells actively oppose the physical forces 
.generated by interfacial tensions. [Chemotactic motility of at least one kind 
has been eliminated by Steinberg (1962a).] Both (i) and (iii) require an act of 
recognition of neighboring cells or of the direction of passive movement by a 
cell, and a coupling of this recognition to the mechanochemical system 
generating motility. These are features going well beyond the minimal 
assumptions of the differential adhesion hypothesis. 

Random motility, however, requires no cellular communication or trans- 
duction. Equation (2) is based on the assumption that thermal energy is the 


| 
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only energy available to move the protrusions past one another. An additiona i 
source of random energy ¢ may be described by adding ¢ to RT in equation (2)}} 
which would lower the viscosity and increase the rate of cell sorting. | 
In conclusion, we propose some additional experiments related to the 
viscous liquid model, some of which can provide tests of the model. These 4t 
experiments are as follows. ! 
(i) As pointed out above, one consequence of the immiscible liquid modeH} 
is that active motion by the cells may not be necessary to get cell sorting) 
We may add that according to the liquid model, random mixtures of wholl hi | 
artificial cells (Chang, MacIntosh & Mason, 1966), which can be made of the 
same size as living cells, ought to sort out if they have appropriate surfaces 
properties (see also Chang, 1972). 
(ii) Since log p is proportional to the activation energy AF*, [equation (3)]}} 
and the binding energy E is proportional to o, o/log 1 should pe approximately 
independent of tissue, if E is proportional to AF*, with constant of pro 
portionality independent of tissue (which is snatosiuasall the case for true 
liquids as discussed above). A corollary of this statement is that if the surface 
tension of one tissue is larger than that of another, then their viscosities | 
should have the same ordering. Measurement of viscosities and surface 
tensions of a variety of tissues would be required to test this prediction of th 
model. 
(iii) In an initially random reaggregate of b and w cells, the 5 cells form J 
set of loosely interconnected networks (Curtis, 1967). What would be the} 
average number of cells per network as a function of f,, the fraction of 5 cells 
in the population? This problem is formally identical to the percolation bon d | 
problem (Hammersley & Handscomb, 1965), in which it is asked how} 
many interconnected, randomly distributed holes an artificial sponge mus¥ 
have so that the inside could get wet. The remarkable result is that there is 
a critical concentration of b cells, below which there are many networks, and 
above which there is essentially only one. If we now assume that the fina] 


or value of the critical /*. 

This critical concentration could be empirically determined by studying thel] 
final drop size in an artificial system consisting of two intimately mixed] 
immiscible, highly viscous liquids of equal density (which do not form a stabl i 
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ad experiment, if cell motion is passive. Active motility would reduce the 
titical concentration. This effect seems manifest in the results of Armstrong 


fixtures sorting out in the presence of the drug cytochalasin B, “in contrast 
po control aggregates which show single internal pigmented retinal masses, 


b Gv) If the experiment on rounding-up of ellipsoidal tissues decciGed in 
ppendix C can be done accurately, then by studying the time course of 


hanging, then o/y ought to be independent of time. Sintering can also yield 
jhe same information. 

| If the cells in a tissue are differentiating with respect to their adhesiveness, 
‘/u should change (since from the argument presented above, o/log w may 
jot change). Thus the time course of the rounding-up of an ellipsoid to a 
iphere could also be used as a probe for the timing of adhesive changes in 
yells during embryogenesis. 

: (v) It should be possible to measure tissue viscosities independently of the 
saterfacial tensions. This might be done, for instance, by measuring the 
yelocity of a metal ball being slowly pulled magnetically, through a layer of 
lells. Ths viscosity is given by Stoke’s formula: 


y= F[(6nre), (6) 
iyhere F is the applied force (gravitational plus magnetic), r is the radius of 
he ball, and v its velocity. The thickness of the layer should be at least a few 
limes greater than 2r. (Alternatively, from such independently measured 
jissue viscosities, surface tensions could be calculated from fusion experi- 
ments, etc.) - 

As a final remark, we conceive of a “tissue hydrodynamics” emerging, 
vhich will be distinct from the mainstream of hydrodynamics in that it will 
leal with liquids: (i) which are highly viscous; (ii) which are sometimes 
isco-elastic; (iii) in which the properties of the units may change; (iv) whose 
inits may be active suppliers of energy (Jacobson & Gordon, 1972); and (v) 
hose units may have anisotropic adhesive properties (Steinberg, 1964; 
joel & Leith, 1970). The main function of tissue hydrodynamics will be to 
lerive the dynamic geometric consequences of the states and activities of 
mbryonic cells. 
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APPENDIX A 


Simulation of Cell Sorting using Lattice Models 


A population of cells is modeled in two dimensions by a space tesellated of 
subdivided into equal squares (a “‘lattice”’”). Each square can be occupied by }| 
cell of any type. Each edge of contact between two cells is assigned aj 
“affinity”, 2, which is a measure of the strength of binding between the cel 
types. Thus 4,,, A,, are the affinities between cells of type b and 5, ant 
between b and w, respectively. We also define an “‘E function” for a patte 
of cells as the sum of the number of edges multiplied by their A values. For j] 
system with two types of cells (b and w), 


E= Asp Nop + Abw Newt Aww N wws (Att 


| 


| | 
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here N,, is the number of bb edges, etc. The equilibrium pattern is the one 
which has maximum E. It can be shown (Goel et al., 1970) that for isotropic 
ells (cells with A independent of the directions of the neighbors), if 


Avp > F(Agp + Aww) > Aww > pan (A2) 


then the equilibrium pattern is the one for which N,, and N,,,, are maximum 
jand N,,, is minimum, i.e. the pattern in which 5 cells form a single mass 
jsurrounded by w cells. For the purpose of studying motility we chose, for 
simplicity, A,, = 1, A, = As» = 0so that from equation (A1) the equilibrium 
‘configuration is a square of b cells unpenetrated by w cells. 

The rearrangement of randomly distributed cells of two types b and w 
was simulated using a FORTRAN computer program representing a set of 
* plausible” motility rules. Specifically a certain fraction (f,) of a 20x20 
Isquare grid was filled in random positions by b cells and the rest of the grid 
iwas considered to be occupied by w cells. This resulted in each cell sharing 
#e dges with four other cells, except for those cells at the edge of the grid. 
Bach cell was examined in turn and a decision made as to whether or not it 
ishould switch places with one of its up to eight neighboring w cells. The 
;decision was based on the increase, AN,,, in the number of bd pairs which 
jwould result. That w cell which would yield the maximum AN,, was chosen. 
(lf there were two or more such w cells, one of them was chosen at random.) 
However, AN,,, was required to exceed a certain minimum, AN;3", for any 
switch to be made at all. 

This last rule was adopted because when AN;,” < 0, an isolated 5b cell 
would be free to wander around in a mass of w aa. The extent to which such 
behavior occurs in living aggregates is under investigation (Steinberg, Wise- 
man & Gershman, in preparation). Published observations give little evidence 
for such cell wandering (Trinkaus & Lentz, 1964; Weston & Abercrombie, 
1967). Using the above procedure, an initially random mixture of w and b cells 
never reached the equilibrium configuration (a square of b cells surrounded 
by w cells) with AN;;" = 1, 0, —1, —2 or —3 in any of the computer 
simulations (Goel, et i 1970); i.e. not even when undirected cell wandering 
was permitted. The same conclusion was arrived at even for three-dimensional 
lattices in which each cell has 26 neighboring cells with which to switch. 
"When we allowed cells to move to slightly more distant locations other than 
nearest neighbor locations (Leith & Goel, 1971), the local trapping decreased 
significantly and, in fact, if we allowed moves to next-nearest and next-to- 
1ext nearest locations, the final structure was all b cells clumped together, 
(for f, = 0-4), but generally not in a square form. stipe simulations indicate 
that as the distance increases up to which a cell can “sense” the presence of 
its neighboring cells and then move, the self-sorting improves. However, the 


min 
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stable equilibrium pattern of minimum perimeter is not generally obtained]} 
This seems to be a general, inevitable property of lattice models with a finite) 
range of interactions (cf. Vasiliev & Pyztetsky-Shapiro, 1971). | 

Another set of rules, simulating the transmission of forces over an 1 
definite distance, such as occurs in liquids, was found to give clusters off 
minimum perimeter. As in the previous simulations with the lattice modeb}} 
(Goel et al., 1970; Leith & Goel, 1971), b and w cells are considered to De 
ona square grid. However, a b cell (the internally segregating kind) is allowed 
to push into its clump and push another 5 cell out somewhere else on the; 
edge of the same clump. This was accomplished through a FORTRAN computer} 
program, which is available upon request. This crudely simulates the con +4 
tinuous viscous liquid model of section 2 because, as in a liquid, local stresse s 
are transmitted through the tissue. We have thus indefinitely increased they 
distance up to which a cell can “sense” the other cells and move i ni} 


response. 


consecutive scans, but in random order within a scan. A b cell is not moved 
if it is isolated from other b cells, or is completely surrounded. These rulesi 
are an attempt to reduce random migration, which we wish to avoid in theg 
passive liquid model, and to prevent the formation of holes. If a b cell hast 
two or three nearest-neighbor 5b cells, it is moved only if such action wouldij 
not isolate one of these neighbors. This rule attempts to reduce excessivey 
break-up of clumps. Isolated pairs are not allowed to move, a rule whic ! 
reduces the migrations of small clumps. (The need for these special rulesd 
emphasizes the roughness with which this simulation approximates the liquid 
model. A full hydrodynamic numerical calculation would require a ; 
enormous investment in time and money.) 

If the b cell is allowed to move, a search is made for an appropriate place¢ 


for another b cell in the same clump to pop out. All w locations which ares 


nearest neighbors of b cells in the clump are listed. That location which would 
give the b cell placed there the maximum number of b nearest neighbors isi 
then determined. If there are two or more such locations, one is chosen ati 
random. A 5 cell is placed, and the first b cell, imagined to push into the} 
clump, is replaced by a w cell. The choice of a site with the maximum numbe : 
of nearest neighbors for the b cell popping out guarantees that the clump wil 
tend towards minimum perimeter. | 

The topology of the clumps is not considered in calculating the location! 
for a b cell to appear. Thus a hole within a clump would tend to fill up. To 


Fic. 2. Computer simulation of cell sorting by the viscous liquid model. (a) shows final 
configurations for the fraction of black (4) cells f, = 0-1 to 0-5. (b) and (c) show sequences 
‘of configurations for f, = 0-3 and 0-6. (d) shows the breakup of a line of cells into “drops”. 
_ See Appendix A for details. 
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indicate when this artifact occurs, a b cell is forbidden to pop into a locationyy 
with four nearest neighbor 5 cells. | 

The computing time for this program was excessive. More sophisticated j 
pattern recognition techniques than those indicated above could speed suchiy 
programs considerably. The program was run enough to find that essentially} 
one clump formed when f, = 0-6 on a 20x 20 array, whereas four clumpsyy 
appeared when f, = 0-5, suggesting a critical value of f, ~ 0-6 for a two-H} 
dimensional system. A different value, but the same phenomenon, should bes} 
anticipated for three dimensions. (The computer program is easily generalized} 
to three dimensions, but in its current form the computing time would be}) 
prohibitive.) i 

Configurations for f, = 0-1 to 0-5 after ten scans are shown in Fig. 2(a). 
The sequences of events for f, = 0-3 and 0-6 are shown in Figs 2(b) and (c).\H} 
All of the events described by Trinkaus in the quote in section 2 may bey} 
observed to happen in these simulations. (The migration of small clusters is an} 
artifact of the rules.) 

Fig. 2(d) shows the breakup of a line of cells into separate “‘drops’’, a: 
rough analog of the breakup of a cylinder of fluid, discussed in the nextlj 
appendix. . 


APPENDIX B 


Breaking of a Cylindrical Aggregate into Clusters 


In this appendix we will make an estimate of the tissue viscosity by com- 
paring the breaking of a roughly cyclindrical aggregate of cells into a few) 
clusters with the breaking of a long cylinder of any fluid, suspended in another} 
liquid, into a number of drops. This is a hydrodynamic instability pheno-} 
menon, occurring under many conditions (Levich, 1962). | 

The case of a highly viscous cylinder of fluid in free space was analyzed by | 
Rayleigh (1892). He concluded that ‘‘when viscosity is paramount, longlh 
threads do not tend to divide themselves into drops at mutual distances 
comparable with the diameter of the cylinder, but rather give way by 
attenuation at few and distant places”. Tomotika (1935) extended the analysis 
to a viscous cylinder embedded in an immiscible viscous fluid. He found that} 
such a cylinder should break up into equally spaced drops of a definite size} 
which is a function of the ratio of the viscosities only. Let 1, be the viscosity} 
of the cylinder, and u,, the viscosity of the surrounding medium. When 
l/Hy = 1, for instance, Tomotika finds that the spacing ought to be 5-58} 
times the diameter of the cylinder. A plot of the spacing vs. p,/,, is given by) 
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Miesse (1955). The spacing has a minimum of 5-33 diameters at fy yy = 0°28, 
jnd rises to 7-57 and 7-68 diameters for ju,/1,, = 0-01 and 10-0. 
These calculations are based on a perturbation analysis in which it is 
‘assumed that all the initial disturbances are very small and of the same 
agnitude” (Meister & Scheele, 1967). If there are any dents in the cylinder, 
these will bias the process towards different spacings. Trinkaus & Lentz 
1964) observed a few elongated clusters, which could marginally be regarded 
cylindrical, break up into two or three pieces after being formed by the 
fusion of smaller clusters. The longest such cluster, breaking into three pieces 
‘Trinkaus & Lentz, 1964, Figs 29 and 30), had a spacing approximately four 
limes its original diameter. This is in plausible agreement with Tomotika’s 
alculations if the viscosities of the two tissues are equal within an order of 
Magnitude. With some ingenuity it should be possible to create a more 
derfect cylinder of one cell type embedded in an aggregate of another and 
berform a more rigorous test. 

Meister & Scheele (1967) give a graph of a correction function ¢ vs. py/[1, 
n the equation 


Cade hee as (B1) 
2CLy 

from which it is possible to predict the rate at which the cylinder will break 
into drops. c is the cylinder radius, k = 27// is the wave number where / is 
the spacing of the drops, o,,, is the interfacial tension. The perturbation 
creating the drops increases as e” where f¢ is time. Thus |/a is a characteristic 
‘ime for formation of the drops. Trinkaus and Lentz’ rough cylinder of cells 
discussed above had almost completely separated into three drops in a period 
of 52hr (Trinkaus & Lentz, 1964, Figs 29 and 30). If uv = yw, = w,, then 
p ~ 0-1 (Meister & Scheele, 1967), and kc = 0:563 (Meisse, 1955). From 
this we calculate Op,/p ~ 2:1077 cm/sec. If (see Appendix D) o,, = 1-30 
dyne/cm, then pp ~ 5x 10°-1-5 x 108 poise. 

- The following should be noted about the breaking of a cylinder into drops. 
(i) Meister & Scheele (1967) give a criterion Nj for the applicability of 
omotika’s analysis when p,/y,, is between 0-01 and 10-0: 


(265, d, c) Bes 
Hy 2 3, 
Where d, is the density of the cylinder. Taking d, = 1g/em®, c =~ 1-3x 10" 
om (Trinkaus, 1969, Fig. 29), o,,,as above and yp, = uw, = uw, then No ~ 10 - 
0-8. No significant departure from Tomotika’s analysis occurs until No 
teaches 0-1. Thus the effects of inertia or momentum are entirely negligible in 

ell sorting. 


T.B. 


N¥ = (B2) 
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| 
(ii) The breakup of a viscous cylinder into drops occurs in at least two othe| : 
biological contexts—the beading of the diatom trail (Gordon & Drum, 19700 
and drop formation from amoeba pseudopodia under high pressure (Marie 
land, 1956). | 
(iii) One of the boundary conditions for solving the hydrodynamj 
equations for a cylinder of one fluid within another (Tomotika, 1935) is the} 
“there is no slipping at the surface of the column...” which “requires the 
the velocity components be continuous at the ies This is a generalll§ 
assumed condition in the solution of two-phase hydrodynamics problemi 
It may be violated by living cells since one sheet can slide over another. a} 
question which must be asked is whether this involves large-scale motion q 
cells past one another at a boundary. If slippage occurs, then this addition 
parameter will have to be added for a full fluid mechanics description of cea 
sorting. 
(iv) Another assumption which we are making in applying hydrodynamica 
equations to cell populations is that elastic stresses generated by the inter} 
facial tensions are relaxed in times short compared to sorting out. We an 
now testing this assumption. 


APPENDIX C 


Rounding-up of an Ellipsoidal Aggregate into a Spherical One 


In this appendix we will make an estimate of the tissue viscosity by com | 
paring the tendency of rounding up of a roughly ellipsoidal aggregate into |} 
nearly spherical one (see Steinberg, 1963), with rounding of a fluid dro}} 
ee is driven by the surface tension and resisted by the viscosity of thi 

uid i 

Young (1939) has used an analogy between elastic and viscous bodies td 
put an elasticity theorem due to Betti into a form useful for calculating thi 
rate of deformation of a viscous object which is subject to arbitrary voluma 
and surface forces. The full equation could be used, for instance, to predic} 
the rate of deformation of a sessile drop of reaggregated tissue in a centrifugs 
(Phillips & Steinberg, 1969). Young’s result has been generalized to includd 
objects with non-uniform viscosity (Isenberg, 1953; Rashevsky, 1960). 


If an aggregate of cells forms a perfect ellipsoid of revolution generated b 
rotating the ellipse 


z7/a?+-x?/b? = 1 
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bout the z-axis, then the ratio of the axes, r = a/b, ought to change according 


me bo 3 | nee r?(4—r?) ( sin7* [(r?—1)'/2/r 
gf Selene cea (ial aS ea a SLU 
t v3 w8(r?7—1)\ 3 |r? —1|"/? lin [11+ (1 —1?)"/7)/r] 

| a 

| ia, p(r), (C2) 
yhere v = $nab? is the volume of the ellipsoid (Young, 1939). The upper 
erm in the curly brackets is taken when r > 1, the lower when r < 1. A plot 
f the function p(r) is shown in Fig. 3. 

If at time fy an ellipsoid of cells has an axial ratio rp, and by time ft, reaches 
he ratio r,, then 
v3 dp 


ty—lo ro p(r) 

. —1/3 

Hy Fr) - ro). (C3) 
PhO 


‘he function 1(r), obtained by numerical integration, is plotted in Fig. 4. 


p(r) 


2) 


(e) ! 2 3 
F 


Fic. 3. The curved line is p(r) in equation (C2). The straight line is Wheeler’s approxi- 
ation for w/z, = 0. 
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It might be possible to form a prolate ellipsoid of revolution (r > 1) (( 
even a cylinder), from a cell aggregate by using shear flow (Gopal, 1968), | 
by slowly pelleting cells into an appropriately shaped mold. Other plausit 
methods would be to slowly draw an aggregate through a tapering capilla 
(cf. Harvey & Shapiro, 1941), or to use a shaker with a linear stroke durijj 
reaggregation. 

It is perhaps simpler to centrifuge reaggregating cells against the surfa¥ 
of a denser liquid, which would result in a flat lens shape. This could |} 
regarded approximately as an oblate ellipsoid of revolution (oblate spheroi} 
anal YP | 

Phillips & cae (1969) found that certain cell aggregates 0- 008 5 
0:04 x 0:04cm3 (r = 0-2) rounded Ls Se (16 hr, H. Phillips, perso 
communication). If we assume “rounding up” corresponds to r = 0-4 
then from Fig. 4 1(0-95)—7(0-2) = 2:3—0-4 = 1-9, so that o/p = 10) 
cm/sec [equation (C3)]. If o ~ 1 — 30 dyne/cm (see section 4), then py) |} 
1 x 10°-3 x 10’ poise. This compares favorably with the estimates made | 
section 3 and Appendix B. | 

J. A. Wheeler (in Harvey & Shapiro, 1941) gives an approximate solutia 
to the rate of rounding up of a viscous ellipsoid in a viscous medium, whi@ 
in our notation becomes | 


iret ae 40(1 + t/a) —=7) 
dt oF py\ 37 (243 py /Uy)(19 + 16p5/ He) 


Il 


sis 7, Wel YL) (a 


where 1, is the viscosity of the ellipsoid, and y,, is the viscosity of the mediual 
Hy/H, = 0 corresponds to an isolated ellipsoid, and should be comparable | 
the solution of Betti’s equation above [equation (C2)]. Indeed, for r >| 
the agreement is excellent (Fig. 3). | 

Wheeler’s approximation is equivalent to 


ot ) 
— ——,— W(u,/ : 
r—t = exp |S Wait) (c 


Since W(1) : W(O) = 0-737 : 1-697 = 0-435, an ellipsoid of b cells embedde 
in w cells of similar tissue viscosity will round up at a much slower rate tha 
an isolated ellipsoid of 6 cells. This may explain why embedded clumps oft , 
apparently retain an ellipsoidal shape (see figures in Steinberg, 19626, 196 
1964, 1970), whereas isolated clumps become almost perfect spheres ont 
comparable time scale (Steinberg, 1963; Phillips & Steinberg, 1969). | 

An important part of Tomotika’s (1935) result (see Appendix B) is t 
spacing of the drops formed from a viscious cylinder in a viscous medium} 
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°9 | z 3 4 5 
x 


Fic. 4. r vs. the integral t (effectively, dimensionless time), starting with r = 0:01 and 
es at t = 0. 


idependent of the value of the interfacial tension o. This, of course, assumes 
iat the surface and interfacial tensions are appropriate for the formation of 
tops. Only the rate of drop formation depends on o. Similarly, for ellipsoids 
f revolution, the rate of rounding up is directly proportional to the surface 
msion o [equation (C2)]. For sintering, dx/dt is again directly proportional 
) o [equation (1)]. It-would seem that there is a general lesson to be learned 
ere: apparently, for a system consisting of two fluids, at least one of which 
highly viscous, the sequence of geometrical configurations is independent 
the value of the interfacial tension. o only affects the time scale. This may 
> shown by dimensional analysis (Levich, 1962). 

‘When three fluids are involved, the geometry additionally depends on the 
lative values of the interfacial tensions (Steinberg, 1963; Goel et al., 1970). 
his is the case for cell sorting when one asks which is the internally segre- 
iting phase, and for engulfing. However, when the external boundary of an 
yoregate may be ignored, sorting out of a pair of cell types may be regarded 
: a two-phase problem. 


APPENDIX D 


Experiments on the Rate of Cell Sorting vs. Temperature 


The following experiments on the temperature dependence of sorting of 
ixtures of chick embryonic cells from four-day limb precartilage and five- 
iy liver were performed. Four-day limb buds and five-day livers were 
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exercised in Hanks’ solution. Epidermis was removed from the intact y 
buds by the cold trypsin method of Szabo (1955) (see also Rawles, 1963 
The two sets of organs were then separately minced, rinsed in calciua} 
and magnesium-free (CMF) Hanks’ solution, and each set was placed | 
5 ml of a 0:1% solution of Difco trypsin 1-250 dissolved in CMF Hank} 
solution and contained in a 15 ml screw-capped, round-bottomed test tulf 
These tubes were warmed to 37°C in a water bath, placed at an angle | 
about 10° to the horizontal on a rotor, and rotated about their axes | 
60 rev/min for 15 min at 37°C. The trypsin solution was then replaced wil 
an equal volume of 10% horse serum in Eagle’s Minimal Essential Medi 
made up with Hanks’ salts and containing 100 units of penicillin and 100 
of streptomycin per ml. The contents of the tubes were then sheared with 
Vortex mixer for 15sec and centrifuged for 3 min at 189g. The supernat 
were discarded, and the cell pellets were resuspended in 3 ml of the abo} 
medium and centrifuged at 40g for 1 min to sediment large cell clusters. 
supernates, containing largely single cells, were transferred to fresh tubes at 
returned to the 37°C rotor for two hours (while adhesiveness returned). T] 
resulting suspensions of cells and aggregated clusters were sheared with t 
Vortex mixer to break up the clusters, cell counts were made with a hem 
cytometer, and a mixture of 30% limb bud cells and 70% liver cells wé 
centrifuged to form a thin pellet in a fresh round-bottomed tube. In order 7 
avoid the possibility of density-dependent cell-type separation durit 
centrifugation, the pellet was resuspended in a short column of mediuj 
(1 ml) and repelleted. This thin mixed pellet was incubated at 13°C for abo 
22 hr, during which time it became quite cohesive, although sorting-out d 
not proceed to an extent detectable on histological sections. The pellet 
then cut into many small pieces, which were divided among four 10r 
de Long flasks (Steinberg, 1962c), which were maintained upon gyrato 
shakers with } in. diameter of gyration, at 120 gyrations/min, at 37-5°, 30 
20° and 10°C, respectively. From this point (taken as zero time), observatiot 
were made at intervals upon the living aggregates and upon fixed and staine 
material in serial histological sections. . 
The aggregates maintained at 10°C barely smoothed over initial gro 
surface irregularities even after 6-75 days. In fixed material, cells within su¢ 
aggregates appeared loosely coherent. (But samples shifted to 37-5°C aft 
four days at 10°C proceeded to sort out rapidly thereafter.) The aggregat 
maintained at 20°C were irregular and loose-textured even after two day 
At four days, their surfaces were still loose-textured although the interio: 
appeared to be tightening up. No sorting-out was seen histologically eve 
after 6:75 days. The aggregates maintained at 30°C showed substantial sortir 
at 24hr, when the aggregates were roundish (ovals, etc.) but not yet sphere 
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t 24hr, the degree of sorting-out was comparable to that observed in 
75°C aggregates at ~ 12hr. At 48 hr, 30°C aggregates were approximately 
dherical and showed sorting comparable to that seen in 37°5°C aggregates 
t ~ 32hr. At four days, sorting-out in the 30°C aggregates was comparable 
‘ith that seen at 37-S°C at two days. The aggregates maintained at 37-5°C 
lready showed a coarse patchwork of partially sorted areas at six hours in 
ome cases, but little sorting-out in others. At 24hr, sorting-out was largely 
omplete, but the liver—precartilage boundary was indistinct. By 48 hr, this 
oundary had become crisp. 


APPENDIX E 


. 
: 
. 
| The Interfacial Tension Between Unlike Tissues 

In order to apply the viscous liquid model to the breakup of a cylinder into 
rops (Appendix B), we had to assume that the interfacial tension between 
nlike cell populations is of the same order of magnitude as that of a cell 
ggregate against culture medium. In this Appendix we will try to justify this 
ssumption. 

When differing chick embryonic cell populations are brought together in 
airs and allowed to rearrange, the configurations they approach are often 
bund to be either a sphere of one tissue totally covered by a sphere of the 
ther, or a spheroid of one tissue partially covered by a spheroid of the other 
Steinberg, 1962b, 1963, 1964, 1970). If these configurations are determined 
y the adhesive free energies at the population interfaces, specific sets of 
dhesive energies are required to account for the various configurations. 
these adhesive free energies can be expressed either as works of adhesion, W 
Steinberg, 1962, 1963, 1964) or as specific interfacial free energies, o (Phillips, 
969 and in preparation; Phillips & Steinberg, 1969). In the latter case, the 
dhesive relationships determining the total envelopment of population b 
y w at configurational equilibrium are 0 < o,,, < o,,—6,,,, While the 
slationships determining the partial envelopment of b by w are o,,—0y, 
< pw < To+%wo- In recent experiments (Phillips & Steinberg, 1969), o,,, 
ae surface tension of tissue x against the culture medium o, has been 
sntatively determined for several chick embryonic cell populations, the 
alues appearing to be in the range of 1-30 erg/cm? (1-30 dyne/cm if expressed 
s a surface tension) (Phillips & Steinberg, unpublished data). Assuming for 
opulations b and w the values o,, = 20 and o,,, = 5, the range of values of 
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0}, leading to either total or partial envelopment can be calculated from tl 
above equations. For total envelopment, 0 < o,, < 15, while for parti 
envelopment 15 < o,, < 25. Since cases of both partial and comple 
envelopment at equilibrium have been observed, one would predict that 4\ 
should often be of the same order of magnitude as o,, and o,,,. A doubt 
sessile drop method of measuring o,, has been devised by Phillips and |} 
single measurement using one pair of tissues seems to support this predictic4 
(Phillips, 1969). 

One of us (Steinberg, 1964) has investigated the properties of a “‘stochasti 


ized by a certain surface density of ‘‘adhesive sites’. This model yields th} 
relation | 
Tmw = (Op Ce alee (E 


| 

Since the distance between adhesive sites would vary from one cell | 
another in the stochastic model, they could not be close-packed on all cé& 
types. Thus the stochastic model for adhesions is not consistent with ou 
assumption in the viscous liquid model that the protrusions are both close 
packed and identical with the adhesion sites. However, a model is availab 
for interfacial tensions of liquids, called the “‘quasi-lattice”” model (Good 
Elbing, 1970), which makes the same assumptions which we have made 1 
our calculations of tissue viscosity in terms of the protrusions. It predicts 


Oy = 0, +0, —20(6,6,)'/?, (E4| 


where “® should be close to unity when the cohesive forces within each 
separate phase and the forces acting across the interface are of the sami 
type”. A more sophisticated theory (Good & Elbing, 1970) could not b 
applied until more is known about the chemistry of the protrusions. 

Both equations (E1) and (E2) give theoretical bases for the assumption that 
Op is often of the same order of magnitude as o, and o,,. . 

It is interesting to note that the stochastic model depends on quantitativ. 
differences in the number of adhesive sites per unit area, whereas the explana 
tion of high tissue viscosities in terms of protrusions implies, under th 
assumption of their close-packing and their identity with adhesion sites, the 
the protrusions are different for different cell types. (All types of protrusion 
are assumed to interact, nevertheless, unlike the assumption in “special hooks 
theories.) As an alternative to close-packing, it is possible that the protrusion: 
might consist of ridges which are sufficiently interconnected to form a rigi 
network. The ridges on apposed membranes would then have to pass ove: 


one another. These effects could be roughly accounted for by leaving 4, 4. 
in equation (2), 
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APPENDIX F 
Engulfing and Spreading 

The engulfing of one liquid drop by another immiscible drop suspended in 

a third immiscible liquid has been studied by Torza & Mason (1970). They 
found that “engulfing occurs by a combination of the simultaneous processes 
‘of (a) penetration and (b) spreading’. The relative importance of the two 
Processes depends on the drop sizes and interfacial tensions. A possible 
example of penetration with embryonic tissues may be seen in Steinberg 
(1970, Fig. 30). This should be compared with the figures of Torza & Mason 
(1969, 1970). 
_ The time course of the engulfing of two immiscible, viscous liquids has 
apparently not yet been worked out mathematically. However, when spread- 
ing dominates the first stage, which seems to be the general case (Steinberg, 
1970), we are dealing with fusion or sintering again, and equation (1) ought 
to be an applicable approximation, provided the interfacial tension between 
the unlike cell types is known (Appendix E). A rigorous mathematical 
derivation should include the line tension, which, however, is likely to be 
quite small (Torza & Mason, 1970). 

Alternatively, if the tissue viscosities yw, and p,, of tissue types b and w 
were known, then equation (1), or its exact formulation for unlike liquids, 
could be used to measure o,,,. This would be a kinetic alternative to the 
equilibrium double sessile drop method (Phillips, 1969). 

It is of interest to note that phagocytosis has been quantitatively shown to 
be a phenomenon of engulfing driven by interfacial tensions (van Oss & 
Gillman, 1971). Apparently the engulfing step of phagocytosis is a passive 
process, since when the surface tensions are equal, bacteria simply adhere to 
white blood cells, and are neither engulfed nor lysed (van Oss, personal 
communication). 

Similarly, cell adhesion to flat substrates may be an “attempted engulfing” 
(van Oss, personal communication). The spreading of a drop on a flat 
surface, driven by surface tensions, can be rate limited by either the rate of 
“wetting” of the substrate at the edge or by the high viscosity of the drop 
(Dettre & Johnson, 1970). If wetting is rate limiting, the drop retains the 
shape of a spherical segment. An absolute rate theory, analogous to that 
used for bulk viscosity (Glasstone et al., 1941), has been developed to explain 
such spreading (Cherry & Holmes, 1969). If the resistance of the drop to 
change of shape, namely its viscosity, is rate limiting, then the drop tends to be 
bell-shaped (Dettre & Johnson, 1970). Another example of this may be seen 
in Torza & Mason (1969, 1970). Perhaps these considerations could be 
applied to the spreading of cell sheets, such as epiboly in teleosts (Trinkaus, 
1969). 
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The simple rhythmic motion of protoplasm back and forth along micro- 
filaments sited at the active boundary of the streaming layer of Nitella is 
conjectured as a possible mechanism for the motive force for protoplasmic 
streaming. A theoretical model is set up to illustrate the process and 
estimate appropriate values for time scales and velocities of such oscilla- 
tions to maintain streaming velocities of the order of those measured in 
these cells. 

It is found that an acceleration bias in one direction is sufficient to 
ensure a steady component of the velocity along the fibrils, no net motion 
of any oscillating material at the boundary being required. Alternatively, 
the motion may be maintained by a velocity variation along the micro- 
filaments. In this case, however, an active fine structure is essential to the 
process. 


1. Introduction 


Evidence, reviewed by Kamiya (1959), indicates that in plant cells such as 
those of Chara or Nitella, it is the interface between the cortical plasmogel 
and the endoplasmic sol that must be the site of the motive force for the 
rotational streaming. The experiments of Hayashi (1964), in which the 
- cortical gel layer was stripped off segments of the cell wall by centrifugation 
and the resulting streaming patterns observed, was a good test of this hypo- 
thesis. In these experiments Hayashi observed that the streaming stopped in 
areas where damage was apparent at the interface but continued in regions in 
which the interface appeared to be intact. 

The actual motive force for such streaming has yet to be established. A 
suggestion that the contractility of fibrous protein molecules could be a 
physical basis for the streaming was put forward about thirty years ago by 
Schmidt (1941, 1942/43). Since then similar ideas have been expressed by 
Frey-Wyssling (1947/49, 1955), Loewy (1949) and Kishimoto (1958). These 
ideas have all presupposed some rhythmic contraction of linear protein 
- molecules together with the transience of their lateral bonds. Loewy (1949), 
75 
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for example, pictures the shifting of bonds taking place with contraction and | 
relaxation of the molecule in such a way that the molecule would move along | 
in a caterpillar-like manner. 

Modern thinking about the mechanism of biological motility, as reviewed 
by Wolpert (1965) and Thornburg (1967), is that sliding filaments and cyclic: ) 
processes are more likely to be the basis of the motion observed in most | 
systems. Chemical studies of the plasmodium of the myxomycete, Physarum 
polycephalum, have led to the isolation of materials that would fit in with these 
hypotheses (Loewy, 1952; T’so, Bonner, Eggmen & Vinograd, 1956; T’so, | 
Eggmen & Vinograd, 1956, 1957a,b; Nakajima, 1960). On the addition of | 
ATP the protein isolated by these workers behaved similarly to the acto- | 
myosin complex, myosin B, from skeletal muscle. Hatano & Oosawa (1968) | 
have demonstrated that an actin-like protein exists in this plasmodium and | 
that this protein can combine with myosin A from rabbit striated muscle to | 
form a complex that behaves similarly to the actomyosin complex of that 
muscle. 

Although such protein materials have not yet been extracted from 
Characeae, fibrillar structures have been discovered in these cells and in the 
fluid extracted from them. The discovery of motile protoplasmic fibrils in 
isolated drops of cytoplasm from internodal cells of Characeae by Jarosch | 
(1956, 1958) has given considerable support to the hypothesis that such 
fibrillar elements could be of similar form to muscle fibrils and associated 
with the mechanism actually driving the streaming. Such motile fibrils have 
been observed in isolated drops of protoplasm effused from cells of Nitella 
(Kuroda, 1964) and within sections of an internodal cell of Nitella flexilis : 
from which the chloroplasts had been exfoliated (Kamitsubo, 1966a). 
Kamitsubo (1966d) also observed a long, thin fibrillar structure formed in the | 
interfacial area of such damaged cells. He indicated that small particles could 
be seen moving along these fibrils incessantly in one direction. 

Electron micrographs by Nagai and Rebhun (1966) have shown up bundles 
of 50-100 microfilaments, each microfilament being about 5 nm in diameter, 
in the neighbourhood of the interfacial layer in Nitella axillaris. These bundles 
lie with their long axes approximately parallel to the streaming direction. In 
the light of the evidence that the motive force for streaming must be sited in 
this vicinity, it seems reasonable to conjecture that these microfilament 
bundles and the cytoplasmic fibrils of Jarosch, Kamitsubo and Kuroda are 
at least related. A recent theoretical study by the author (Donaldson, 1972) 
suggested that the motive force layer must be of finite thickness. He estimated 
the layer to be about 0-1 ym thick, a figure corresponding with the diameter 
of the bundles of microfilaments found by Nagai & Rebhun. It is thus of 
considerable interest to determine just how such fibrils could set up and 
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maintain the streaming motion in the fluid around them. In an attempt to 
explain such motion Jarosch (1964a,b, 1968) postulated an elastic helical 
structure for the fibrils. This would result in the appearance of a helical wave 
motion as each fibril rotates. Such waves would cause displacement of fluid 
or particles in neighbouring layers and hence throughout the fluid. In contrast 
Hejnowicz (1970) proposed that conformational changes propagated like 
waves along such intracellular fibrils would have an electric component which 
would set up a local electric field in the neighbouring cytoplasm. Positive and 
negative particles within this cytoplasmic fluid would then be under the 
influence of a longitudinal component of electric force and this could set up 
and maintain the streaming. 

In all these cases it appears that some form of cyclic motion along the 
_ fibrils, either of the fibrillar elements themselves or of the fluid immediately 
in the neighbourhood of these fibrils, has been assumed to be responsible for 
- the streaming motion. Yotsuyanagi’s (1953) observation that a small blob of 
protoplasm isolated from an internodal cell of Nitella will pulse rhythmically 
at certain salt concentrations of the surrounding medium suggests that such 
cyclic motions may also be occurring in these cells. 

In this paper, therefore, cyclic motion along the streaming direction at one 
boundary of the fluid is studied theoretically to determine whether such 
motion could maintain the steady streaming motions actually met in real 
systems. For mathematical convenience the fluid is assumed to be a continuum 
right up to this boundary and that it is the fluid at the boundary that is moving 
back and forth with the cyclic motion. The theory thus cannot distinguish 
between any of the postulated fibrillar movement mechanisms or between 
any of the modes of interaction between the fluid and the fibrillar elements 
that have-been suggested by the various researchers in this field. The analysis 
rather concentrates on the determination of values for the various parameters 
upon which such motion depends that would be compatible with values 
_ determined by other workers and yet would set up steady streaming flows of 
the right magnitude. While the overall mathematical complexity of any real 
system has forced this study to be restricted to simple models, the analysis 
does give a measure of the time and length scales associated with the cyclic 
motion that are necessary to maintain streaming velocities of the right order. 
These scales are comparable with those estimated for other active fibrillar 
~elements found in biological systems. 


2. Theoretical Considerations 
If, in real systems, streaming is maintained by some form of longitudinal 
oscillatory motion associated with microfilaments, fluid motion could be 
maintained in only one direction by postulating a uni-directional linkage 
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between the moving elements of these microfilaments and the fluid. Thus when 
the elements move in the direction of streaming they drag fluid with them; in 
the opposite direction they slip through the fluid. Such a system requires no 
theoretical analysis, the fluid moving at some fraction, depending on the | 
relative time of motion in each direction, of the velocity of the elements in the 
streaming direction. The systems considered here are ones in which the fluid | 
itself moves back and forth at the wall (the driving force boundary) and has 
no resultant forward motion at this boundary, i.e. the mean velocity of the 
fluid at this boundary, averaged over a cycle of the oscillatory motion, is 
zero. Any steady motion of the fluid away from the wall thus depends 
entirely on the non-Newtonian nature of the fluid, probably directly related 
to its molecular structure. The form taken for the stress/rate of strain relation 
for this analysis is that suggested by the author (Donaldson, 1972) in his earlier | 


study, i.e. 
du 1/3 
seni (=) (1) 


where t is the stress, du/dz is the rate of strain and « is a constant “viscosity 

coefficient”. This form was found to give a good match between theoretical 

and measured velocities for living but disturbed cells of Nitella hookeri. It is 
thus anticipated that it will take into account some sliding of molecular 
chains one along the other under certain conditions and some direct cross- 

linkage from one chain to another under other conditions. 

In itself it contains no specific directional bias. This must be impressed on 

: 


the system by the form of motion of the fluid at the boundary. 

Two different variations of this motion will be treated. The first exercise 
is to determine the effect of accelerating the fibrillar elements and the associated 
boundary fluid at different rates in the forward and backward directions. It 
was anticipated that such a variation might impress a bias into the fluid 
motion away from the wall. Such asymmetry in the motion with respect to 
time is in fact found in various systems perhaps the best known being the 
streaming flows in the myxomycete Physarum polycephalum (Kamiya, 1953). 
It is also apparent in effects related to the extension and relaxation of insect 
fibrillar muscle (Pringle, 1967). It is thus reasonable to suggest this as a 
possible basis for the system under investigation. 

The second exercise is to determine whether different movements at 
different points along the fibrils could result in a steady component of the 
motion of the right magnitude. As flows with a steady component have been 
set up in the laboratory by stretching and relaxing a rubber band or a spring 


immersed in a fluid and fixed at one end even when the stretching and 
relaxation has been controlled so as to have no time bias (simple harmonic 


/ 
: 
| 
| 
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motion), it was felt that this “lengthwide asymmetry” should also be investi- 
gated. It is suggested that such motion could be related to the movement 
back and forth of sub-elements or sections of the fibrillar units. 

While it would be of value to be able to consider the flows set up by 
bundles of fibrillar elements, aligned in the flow direction, distributed 
randomly in the neighbourhood of the pertinent boundary, and featuring 
some suitable longitudinal cyclic motion with a phase that varies randomly 
from one element to the next, it has been necessary to concentrate, at this 
stage, on a much simpler system for which it is possible to carry out the 
mathematical analysis. The model used here therefore presupposes that the 
entire interfacial boundary is made up of a continuous mat of fibrillar 
elements all moving back and forth parallel to the boundary. The effect of a 
more general distribution of fibrillar elements, related to that described by 
Nagai & Rebhun (1966), is however discussed in the conclusions. 

The arrangement considered is thus the extremely simple one illustrated in 
Fig. 1. The streaming protoplasm is assumed to be restricted to a horizontal 
layer of thickness /, i.e. the layer 0 < z < h. The z = 0 surface of this layer 


Tonoplast Free surface 2=0 


Streaming protoplasm x 
z 


Sol-gel interface Rigid boundary z=h 


eee Se ee eS ae 
Direction of oscillations and longitudinal axis 


Cell wall of fibrils 


Fic. 1. The form of the streaming layer and its associated boundaries assumed for the 
theory. 


is assumed to correspond to the tonoplast and is therefore taken to be a free 
surface, a reasonable assumption in the light of the viscosity contrast between 
the streaming protoplasm under study and the cell sap in the vacuole. The 
z = h surface is assumed to be related to the sol-gel interface and hence 
features movement with some sort of cyclic motion in the streaming (x—) 
direction. The type of motion assumed varies with the system under con- 
sideration but is intended to simulate the various possible motions that might 
be anticipated along the microfilaments. 
For the study the following boundary systems have been treated. 


(i) The entire boundary is assumed to move back and forth as a single 
unit over a time interval fy). Over the first ktp (0 < k < 1) of this 


80 


I. G. DONALDSON 


interval the wall is assumed to be under the influence of a constant 
forward acceleration 2U9/kto while over the remaining (1 —k)fo it is 
driven by a reverse acceleration —2U /(1—k)to. The wall is thu 
assumed to attain a maximum velocity U, in each direction and ye 
have no net motion, i.e. its velocity at time f¢ is | 


ui) = UT (+) = ole a} (0 <t < kty) 
ty kto 
=U>5 — (1-2)-1} (ktp <t<to). (2) 
(i—k) to | 
U, and fp are related in this case to the total distance moved by the 


wall in either direction by the equation | 

A — 4U, to. (3 
This system thus assesses the effect of asymmetry in time or accelera 
tion. The form of the assumed velocity variation (2) and th 


associated longitudinal displacement of any point at the wall fro 
its median position is illustrated in Fig. 2 for a typical value of k. 


q 
> 10 
x 
i= 
@® 
€ 
3 
Be) 
= O 
v0 
S \ 
se 
S 
2-1-0 
oO 
xe) 
= 
1-0 20 
Time (t/ty) 


Fic. 2. The variation with time of the velocity and displacement from a median positio 
of any point on the active boundary for k = 0-2. ——, Displacement; --—-, velocity. 


(ii) The boundary is assumed to move back and forth in such a way tha 


over each length / of the wall in the x-direction the velocity varie 
from point to point (with x). To remove any effects of time asym 
metry these velocities are assumed to vary sinusoidally with time 
There is thus no net motion of any wall particles with time. It i 
further assumed that there is no motion at the end-points of an 
sub-section of the wall (i.e. at x = 0, J, 2/...). 
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This formulation is such that two different arrangements may be treated 
with a single analysis. The first is a simple one matching the movement of 
entire sub-sections of the wall as a unit, the movement being greater towards 
one end of the sub-section than the other. In the second an attempt has been 
made to incorporate the motion of individual elements of the fibrils, i.e. the 
fine structure, with some cumulative motion along each sub-section of the 
wall. Thus here 


u(h) = Up F(x/l) sin at (4) 
with 
x/d+ p sin 21x/o 
F(x/l) = <x< 
(x/D or O<x<d) 
1 l—x 20x 
cep {ica tin =I (d<x<l) (5) 


where w is the frequency of the oscillations, dis the sub-length of a fibril over 
which the mean velocity at any time increases and a is the length of a fine 
structural element. In all cases, to ensure zero movement at the end of the 
sections //o is taken to be integral. The form of F(x//) for p = 0, 1 and 20 for 
d/l = 0-2 and for //o = 10 is illustrated in Fig. 3. It may be seen that the 
degree of asymmetry decreases quite markedly as the value of p increases. The 
situation with p = O is the simple situation in which there is no fine structure; 
with p = | the fine structure and background motion develop velocities of 
about the same size; and with p = 20 the dominant motion is associated with 


ie) 0:2 04 06 08 me) 
x/l 


Fic. 3. The variation along the boundary of the velocity function F(x//) [equation (5)] 
for various values of the parameter p(//o = 10, d/l = 0:2). 
6 
T.B, 
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the fine structure. This system thus assesses the effect of varying moveme 
along the fibrils or the movement of individual fibrillar elements. 

As mentioned previously in all the cases treated in this paper it is assume 
that the motion is restrained to the (x, z)-plane, i.e. there are no veloci | 
components normal to this plane. It is also assumed that variation of thi 
velocity components in the z-direction, normal to the wall, are the domina 
ones in the analysis. This latter assumption does restrict some of the dimen 
sional scales for which the analysis is valid but the general effects of the wa 
or fibril motion on the fluid would be sufficiently like those determined in thi 
analysis to give at least a measure of the likely velocities that would be set uj 
in the various systems. 


: 
| 
) 
3. Results | 
: 


The mathematical treatment is given in the Appendix. Even allowing fo 
the simplifications built into the model, the results indicate that either of th 
two systems, asymmetry with respect to time or different movements a 
different points along the microfilaments, can result in time-independen 
streaming velocities of the order actually measured in plant cells such a 
Nitella. | 

On account of the mathematical assumptions it has not been possible t¢ 
obtain any accurate relationship between this streaming velocity and th 
thickness of the streaming layer. The solutions suggest that the domina 
term in the expression for the time-independent velocity will be of order h*/? ir 
all the systems treated. This, however, presupposes that the fibrillar structur 
is similar in all cells and that it and the other cell properties are not alterec 
during the growth process. Measurements suggest that in actual cells 0) 
Nitella hookeri uo h. For the range of streaming layer thicknesses met ir 
these cells (7-20 um) these two forms do not however differ sufficiently tc 
warrant any fuller investigation. Errors in the estimation of / in the thinne: 
layers, for example, could well account for all the discrepancy. 


; 
| 
: 


(A) TIME-ASYMMETRIC SYSTEMS 
For the wall moving backwards and forwards through a distance A witk 
different accelerations in the two directions according as expression (2), th 
non-linear viscous dissipation term in the equation of motion gives rise to < 
time-independent component of the velocity parallel to the wall of 


5/3 He 4 
Aes (=) 2ph (1—2k) (1-5 ) (6 


io akty k(1—k)? h* 
[see equation (A14) of the Appendix]. Here p is the density of the streaminy 
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fluid. This expression is obtained when this velocity component is averaged 
over the time period of oscillation of the wall fo. It is interesting to note that 
the streaming is in the direction of the lower acceleration, suggesting that 
there is less tendency for the fluid molecules to slip one over the other under 
lower shearing forces, and that over a considerable segment of the layer 
considered the velocity is virtually independent of z, i.e. the distance from the 
moving wall. 

_ The formula may be used to determine a relationship between kt, (the 
period of faster acceleration), A (the distance moved in either direction by the 
wall) and k (the fraction of the oscillation period over which the faster 
acceleration occurs) that would result in streaming velocities similar to those 
which actually occur in cells. Thus taking i = 60yumsec™*, A = 20um 
(from measured values), « = 0:027Nm~’sec’/? (Donaldson, 1972) and 
p = 10°kgm~? (Kamiya & Kuroda, 1958), the results listed in Table 1 are 
obtained. In this Table the figures in brackets are doubtful as they are 
approaching values for which the theory as developed is not valid. They are, 
however, listed so that trends may be seen. 


TABLE | 
Values of kty, ty, and Ut, for various values of k and that would maintain a 
streaming velocity of 60 um sec~* in a layer 20 ym thick. Numbers in brackets 
are near the limit for which the theoretical analysis is applicable 


(um) k 0-40 0-30 0-20 0-10 
0-02 Kty (msec) (0-3) 
- tf) (msec) (0-7) 
Vo (um sec~+) (113) 
0-05 kto 0-5 (0'5) (0-5) 
ip ties, (1:7) (2:4) 
Vo 158 (116) (84) 
0-1 kto 0:7 0:8 (0-8) (0:6) 
to 1:8 27 (3:8) (6:4) 
Vo 220 150 (104) (62) 
0-2 kto 1-1 12 1:2 (1:0) 
to 2°8 4-1 39 (10:0) 
Vo 280 200 137 (80) 
0:5 kto 2:0, 2:2 2-0 (1:8) 
to §-1 7:2 10-2 (17°8) 
Vo 390 280 195 (112) 
1-0 Kto 3:1 353 3-2 2:8 
rp 7:8 11-2 15:5 28:5 
Vo 520 360 250 140 
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It is seen that in no case listed in this Table is the time interval for th} 
movement in any one direction (4t9) unrealistically short. If the fibrillay 
elements are related to the elements of muscle fibril then contraction times G 
down to 8msec (mouse extensor digitorum longus; Close, 1965) at meaj 
contraction velocities (cf. 4U,) of the order of 60 umsec™* and with motio 41 
of about 40nm might well be anticipated. This does not correspond directl 
with any specific result listed in Table 1. Shorter times, however, might by 
expected if the structure is related to that of insect flight muscle. There 
changes take place over intervals of down to 1 msec. For changes over tha 
order of time or for movements larger than the 40nm of the mouse musc 
the velocities met in Nitella could readily be maintained. Three possibl 
arrangements are underlined in Table 1. | 


i 
: 


(B) VELOCITY VARIATION ALONG THE WALL 

Here, for the general wall velocity form (4), with the motion at any poi 
being sinusoidal with time, the time-independent velocity compone 
parallel with the wall is ) 


u(x) x 15x 107 


ec an mes 


[see equation (A22) of the Appendix]. Here, as in the previous case, there #f 
little variation in this velocity through the layer except right alongside thi 
moving boundary. This variation, given by the term M(z/h) defined i 
ae (A23) of the Appendix, is dominated as before by the term involvin§ 
(z/h)". 
To remove any circulatory motion related to the cyclic nature of thi 
motion along the wall, the expression (7) is averaged over the cycle length / it 
the flow direction. For the simple, single element motion described by expre s| 
sion (5) with p = 0, the x-variation term then reduces to 


{r(;) ey fis athe | 1 

L/ Wid) Saale 7 
2 

For a streaming velocity i = 20 umsec™* ina layer 7 um thick with the othe: 

parameters as defined ae 


Ly 


j 


IEG a SS 7 eu R | 

Bile ‘67x 10" “Taya © 1-07x 10°. o 
This means that even taking Uy ~ 1mmsec™* and / ~ 40nm, a value f | 
which the theory is invalid, this would still require d/l ~ 1-5x 1073. This i 
thought to be a rather unlikely bias. | 
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Allowance for some cumulative effect along each section of the wall 
together with some effect due to the movement of the fine structure leads to 
much more realistic results. Here the velocity component parallel to the wall, 
averaged over both time and longitudinal distance, has the form 

2 ,)4/3 
7 p(Uo hy" (5. DP, «), (10) 
al I 

where the function y(d//, p, o) arises from the averaging of the x-dependent 
terms. Analysis of this function in the range of interest and for arrangements 
in which the sinusoidal variation is over an exact number of periods for both 
the sub-length d and for the total length / (this puts some restriction on the 
Specific values of d@), shows that its value for fixed d// and o, is a maximum for 
p ~ 20 and varies by only a factor of 4 for 1 < p < 200. Further for p in 
this range and d//] < 0-1, 


G45: x 105 


d 1 /1\% 
Gre) x a5 (5)- (1) 
Thus 
. ail 

ph 


usi3 /1\§ 
a7] e) 
1-1 x 104 (12) 


for 7 = 20 wmsec™1, « = 0-027 Nm~?sec’/? and A = 7m. Curves relating 
values of U, and d// that satisfy the above condition for microfilament section 
lengths (/) of 10, 50 and 100 um are plotted in Fig. 4. It is seen that there is 


2:7 x 107 


22 


2 


40 100 200 400 1000 

Up (um sec™!) 
_ Fic. 4. The values of d//] and Up necessary to maintain a streaming velocity of 20 umsec™ + 
in a layer 7 um thick for various lengths of microfilament and of its associated fine structure. 
The latter lengths are marked in micrometers on the various curves. ——, 7 = 100um; 
=-—_, / = 50um; ...., / = 10 um. 
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quite a range of acceptable values for the various parameters for whic} 
streaming velocities of the right order would be maintained. Here compariso | 
with the rates of muscle fibril movement (Close, 1965), ic. }Up ~ 60 uni 
sec” +, suggests that d/] ~ 0-05-0-1. Much more would, however, need to by 
known about the parameters of the system before any more detailed study a 
the results would give much more of value. 


4. Conclusions 


The above analysis illustrates that over quite a large range of the com 
sidered parameters it is possible to maintain a time-independent streamin: 
motion of the order of that met in cells of Nitella by a cyclic motion q 
fibrillar elements in the streaming direction at the interface between thi 
cortical plasmogel and the endoplasmic sol. The process as considered i 
entirely dependent upon the non-linear nature of the protoplasmic fluid, thes$ 
effects being negligible in a linear Newtonian material. 

The analysis shows that motion may be maintained either by a directiona 
bias in the acceleration of these elements or by a change in velocity along th: 
various segments of the active microfilaments, similar to those shown in thi 
electronmicrographs of Nagai & Rebhun (1966), all imparting individua 
cyclic motions to the fluid in their immediate neighbourhood and all actin 
independently and out of phase with each other, would develop a steadi 
streaming motion throughout the body of the fluid. The cyclic motion im 
parted to the fluid by the individual microfilaments would be restricted ti 
layers of the order of the diameter of these microfilaments and would tens 
to cancel with the other cyclic components outside these layers. The observe: 
motion would thus be only the cumulative time-independent component. 4 
rough analysis featuring some individual microfilaments at the boundar 
suggests that the steady flow set up by each individual element does in fac 
add to the flows set up by the other elements while the cyclic flows tend t: 
cancel away from the boundary on account of the range of different phase 
assumed. This suggests that any cyclic motion actually occurring in the flui| 
will only exist in zones in the neighbourhood of the individual microfilament 
and hence be too small to be observed. Nagai & Rebhun (1966), for example 
estimate their microfilaments to be about 6nm in diameter. The incessar 
uni-directional streaming of particles observed by Kamitsubo (1966b) woul 
also be compatible with the motions that would be set up by a bundle of | 
microfilaments. 

The results also suggest that, throughout most of the fluid layer away fror 
the actual oscillating boundary, the velocity is almost constant as is found i 
real systems, and that any bias in the acceleration with respect to direction c 
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in the velocity variation along the microfilament segments need not be very 
great. With regard to these latter conclusions for a system having character- 
istics similar to mouse extensor digitorum longus muscle fibrils (Close, 1965), 
ie. mean velocity of contraction ~ 60 umsec™!, contraction time ~ 8 msec 
and contraction distance per element ~ 40nm, an acceleration bias of only 
5 to 1 would be necessary (see Table 1, underlined results). The velocity 
Variation bias would need to be higher (10-20 to 1). In this case, however, this 
would need to be a cumulative effect associated with the movement of sub- 
elements of the microfilaments, i.e. the fine structure, and in fact it is this 
finer structure movement that must be dominant, although not necessarily 
greatly so. A cumulative velocity bias in the range of 0-005 to 1 times the 
sub-element velocities would be sufficient to maintain the streaming. 
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Appendix 


For the mathematical analysis the streaming protoplasm is assumed to b 
restained in a layer of thickness , bounded at z = 0 by a free surface and ¢ 
z = hbyarigid boundary that moves parallel to the layer, in the x-directio 
in some defined cyclic fashion. The assumed arrangement is illustrated i 
Fig. 1. In the general case this motion varies with the distance x along th 
wall and with the time ¢. The motion is assumed to be planar, having ni 
velocity component or variation normal to the illustrated plane and t 
fluid is taken to be non-Newtonian in its behaviour, its stress/rate of strai 
relation normal to the wall being defined by the relation (1). As the fluid mi 
be expected to be markedly anisotropic in this behaviour on account of t 
alignment of its molecular chains in the streaming direction and no informatio 
is available concerning this for the streaming protoplasm, the stress/rate 
strain relation has been taken to be unknown in the other directions. 
equations that apply are therefore taken in the form 


SLIM NS Gee Bn Wl (2) a ar watsay. 30 ! 
Ot Ox éz pox péz ae other viscous terms), ( 
dw, dw. dw 1 OP 


re u oe +w rae = rs +(viscous terms), (A 


ou dw 0 
ax az as 
where u and w are the velocity components of the motion parallel and norma 
to the boundaries respectively, P is the pressure, p is the density of the fluid ane 
a is a “viscosity coefficient” defined in the stress/rate of strain relation (1). 
The parameters of the system are chosen to minimize the effects of thes 
unknown viscous terms. In practice restriction is in fact only necessary in thi 
second case where it means that some limitation must be placed on th 
range of validity of the theoretical results. 
In the first case, where the wall motion is independent of x and is defing| 
by equation (2), these equations of motion, without further assumptions 


reduce to the form 
Ou _ «0 f /du eo 
at p dz a a 
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with the boundary condition (2) at the surface z = h, and the free surface 
boundary condition 


ea 0 ats 0 AS 
Oz Nis zZ=U. ( ) 
The vertical velocity component w only appears in the reduced equation of 


continuity 
— = 0. (A6) 


As it is zero at both upper and lower boundaries this implies that w = 0 
throughout. 
For the solution it is convenient to reduce the equation to a dimensionless 
form by substituting 


z= hz’, w= Uti’ and if ='1, 1’; (A7) 


where U, is the scale of velocity of the wall elements [see expressions (2) and 
(4)] and fy is the time scale of the oscillatory motion. This gives (16) the form 


0 ou’\ 1/3 ou’ 
Ee fee ae sy 
where 
) 2 2/3 
ns ae (A9) 
at 


in all cases of interest. Expansion of u, in powers of this small parameter, i.e. 


ul = Ugtpuy,t+... (A10) 

then leads to separated equations with the solutions 
tg = TE) (A11) 
uy = {TC} -1) (A12) 

_and so on. 
Here, from expression (2), 
2 
Th) = k t’—1, (0<t' <k) 

2 , , 

= fap ae (k<t' <1). (A13) 


This expression averaged over a unit time interval is zero so that there is no 
time-dependent component of the basic term up, the entire system moving 
back and forth with the wall. 

For the first-order term u,, however, this time average is not zero. Thus, 
returning to dimensional form, the time-independent component of the 


90 I. G. DONALDSON 


velocity in this direction takes the form 


4A\ (2(11—2k) /z* 

t= (Te) eae mee 1)et 00} 
4A\5/3 2oh4/3 (1—2k) a zt (A : 

- (7) akty k(1—k)? ( a ) 
where U, has been replaced by the movement expression (3). 
In order to solve the equations when movement varying with x is incorpor 
ated it is necessary to reduce the equations to a readily solvable zeroth-orde 
form and to eliminate the unknown viscous terms. It is therefore assumet 
that the scale length along the wall is much greater than the vertical sca 
length, i.e. > 4. Such an assumption is not strictly valid for any of th 

systems considered but as the omitted terms are predominantly visco 
diffusion terms that would tend to even out the effects impressed on to thi 
system by the boundary movement the analysis will still give answers of th 
right magnitude and is therefore worth carrying out. Scaling x on its perio 
length /, see equations (4) and (5), and neglecting terms involving h//, th 
equations (A1) to (A3) now reduce to the dimensionless form 


_ 


f 


CW ie ed | Ee ee 
dz’ {(5) \- ax’ ~ i(u sent waa a) i 
op’ | 
z= an 
du’ = aw’ | 
ao vee (A17, 
with the boundary conditions 
ou’ 
ae ae at.2” <6, 
u' = F(x')sint’, w'=0  atz’=1, (A18 
where 
1. pusAY : 
iy ct 
n = al/Uo : 
and : 
to = 1/o. (A19 


Eliminating p, and expanding both u’ and w’ in powers of the small paramete: 
A, the separated equations give the zeroth-order solution 


Uy = fF(x')sint’ (5z'*—1) 
Wo = 4F'(x')sint’ (z’5—z’). (A20 
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These expressions have the same cyclic time-dependence as the boundary 
motion and hence have no time-independent component. 

The first-order solution for the velocity parallel to the wall takes the form 
u, = {F(x')F(x')}> sin® t' A,(z')+ {F(x’)}3{F'(x’)} sin* t' cos t’ A,(z’) 

+ {F(x')}° F(x’) sin? t’ cos? t’ A3(z’) + {F(x’)}° cos? t’ A,(z’), (A21) 
but of these terms only the first and the third show any time-independent 
components. If F(x’) may be expressed in sinusoidal terms, based on its 
period length, averaging over longitudinal distance also eliminates the third 
term. Thus 

Average {u,} = 15x 1077 {F(x’)F(x’)}? M(z’) (A22) 
xt 
where 
M(z) = 1—1-12z*+11-7 2° —53-7 z'!7 415-3 z'® 
; +10:127°+415-427441-2 278, (A23) 
This leads to the form (7) for the time-averaged first-order velocity component 
in the fibrillar direction. 
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An interaction viewpoint is defined for looking at natural systems. This 
viewpoint is seen to be connected with quantum mechanical uncertainty 
and measurement theory. A connection is then shown between quantum 
mechanical uncertainty and the workability of Griinbaum’s “infinity 
machines”. Finally the workability of infinity machines is related to 
Elsasser’s “‘generalized complementarity”. The net result is to show that 
generalized complementarity is not distinct from complementarity in 
atomic physics but has its roots in the same place, i.e. quantum mechanical 
measurement theory. A model system which permits some quantification 
of these notions is presented. 


1. Introduction 


The notion of complementarity originally arose in atomic physics to deal 
with internal inconsistencies inherent in classical formulations of that 
subject. In this paper, complementarity will be defined simply as that quality 
of a situation which makes a phenomenon capable of description by two 
apparently. different and independent models, with the appropriate model 
being determined by the means of observing and/or analyzing the pheno- 
menon. Bohr, the dominant figure in the formulation of complementarity, 
believed that this concept would have application beyond atomic physics 
(Bohr, 1958). More recently application has been suggested to complex 
systems in general and biological systems in particular (Elsasser, 1966, 
1969a) and to the roles of intellect and sense in acquiring information about 
the universe (Blackburn, 1971). 

At the heart of Elsasser’s work is the observation that the biosphere is 
finite and has evolved into great diversity and specialization. Hence a bio- 
logical specimen or system to be observed cannot always be considered to be 
one of an infinite size class of identical systems. Since biological systems 
are extremely complex, one does not necessarily have enough samples which 
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are identical or effectively indistinguishable in those aspects one might wisl 
to investigate to do a sufficient number of experiments to unravel all of the 
systemic relationships. Therefore an uncertainty appears. This uncertainty 
is enough to make impossible an explicit answer to the question of whethe: 
an organism ever behaves autonomously (i.e. makes choices or has free willl 
or whether its behavior is always completely determined by biophysical ang 
biochemical considerations. Thus the two modes of description of an organ! 
ism’s behavior as probabilistic or autonomous on the one hand or bio) 
physically and biochemically determined on the other hand are not simply 
contradictory but are rather complementary. Each is appropriate in differen: 
situations. This view does not imply that the laws of physics and chemistry 
are different in organisms from what they are in inanimate systems. It does 
imply that an organism’s behavior cannot necessarily be predicted in terms 
of physics and chemistry, which is a subtly but definitely different statement 

Although I essentially agree with Elsasser’s views and although this papel 
is an outline of an alternative approach to similar conclusions, I shoulc 
note that his work is still somewhat controversial (Markowitz, 1971). Also: 
Elsasser’s theory still lacks quantification of just what constitutes irreducible 
or irresolvable complexity, i.e. how complex or how rare must a system be 
for generalized complementarity to become important in its description 
Elsasser has begun a more formal, abstract treatment of generalized com: 
plementarity than is suggested above (Elsasser, 19695). Possibly this form: 
alism will lead to such quantification. 


2. The Interaction Viewpoint 


I wish to introduce now the concept of an “interaction viewpoint”, whict 
will be a certain philosophical stance vis-a-vis natural phenomena from whict 
all of the subsequent discussion will be made. This viewpoint is simply tha 
all that we know of natural phenomena are our observations of them, sc 
that we might as well talk about the observations as the phenomena them 
selves. Hence, whenever I speak of a phenomenon in this paper, it will b 
implicit that I mean our most complete possible perception or observatior 
of that phenomenon. From this viewpoint we will always ask of a natura 
phenomenon not what it is, but rather what observations it is possible t« 
make on it. 

All measurements or observations of natural phenomena involve a finit 
exchange of energy or momentum between the system and the observer (o 
the observer’s instrument; for the purpose of this argument the instrumen 
will be considered an extension of the observer). The reader may verify thi 
by mentally cataloging means of measurement. Mere looking at an objec 


GENERALIZED COMPLEMENTARITY 95 


involves the eye absorbing photons which are emitted or reflected from the 
object. Measuring the mass of an object, such as one’s own body, involves a 
transfer of potential energy from the object to a spring or to a calibrated 
mass. And so on. An important concept is that all of the direct information 
which comes to the observer is about the interaction. Conclusions about the 
state description of the system or observer are always inferred from informa- 
tion about the energy or momentum transfer. For example, an object’s color 
is defined by the energy spectrum of the photons it reflects. Your body’s 
mass is inferred from the amount of potential energy it exchanges with a 
spring or calibrated mass. 
A working assumption of classical physics is that one may always arrange 
an experiment so that the energy or momentum transfer associated with the 
-act of observation itself is insufficient to effect more than a negligible change 
in the quantity being measured. Conversely, an uncertainty principle follows 
directly from the opposite assumption. One does not need the full formalism 
of quantum mechanics to see that if the energy or momentum transfer 
involved in making one measurement on a particle is sufficient to alter 
appreciably its state description, then the particle’s position and conjugate 
momentum cannot be determined simultaneously with an arbitrary accuracy. 
Prior to the development of modern physics the negligibility of the observer— 
system interaction was more than a working assumption; it was an article 
of belief. Much has been written about the philosophical problems posed by 
quantum mechanics because of uncertainty and the necessity for probabilistic 
descriptions of atomic phenomena. The impression is sometimes given that 
classical physics was free of such problems and somewhat more in tune with 
common sense. In the next section I will take a somewhat different position 
and argue that the classical assumption is an arbitrary choice and that if its 
implications are fully examined it is found to lead to conclusions quite 
disturbing to common sense. The particular classical conclusion I will deal 
with is that it is possible to execute an infinite number of discrete operations 
in a finite time. The point of this exercise is not to denigrate 19th-century 
physicists—obviously hindsight is easier than foresight—but to set the stage 
for looking for similar logical problems in deterministic approaches to 


biology. 


3. Infinity Machines—Classically Possible but Quantum Mechanically Not 


Griinbaum (Griinbaum, 1968) has re-examined Zeno’s Paradox and the 
question of whether it is possible to execute an infinite number of discrete 
operations in a finite time. Griinbaum’s answer is yes—which poses a 
problem for at least my common sense—but a closer examination reveals 
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that the affirmative answer rests on the assumption of a universe of classicaj 
physics and that the operation of each of his proposed infinity machines (04 
observation of its operation, which is effectively the same) founders on thij 
position-momentum or energy-time uncertainty relations. The four machine 
he describes, to which I will apply the uncertainty relations in turn, are; 
(i) the staccato runner, (ii) the pi-machine, (iii) the Peano machine, and (i "| 
the Thomson lamp. 

(The uncertainty relationships which will be applied are Ax- Ap > h/2 anc 
AE:At>h/2, where Ax, Ap, AE and At are uncertainties in positiom 
momentum, energy and time, respectively, and h = 2 x Planck’s constant 
Ax, Ap, AE and At have precise definitions in terms of particle wave function: 
but for purposes of this paper we may be satisfied with rather loose verbai 
definitions. [For a derivation of the uncertainty relations see Messiah (1965) 
pp. 129-139, or one of many other texts on quantum mechanics. ] Ap and A 
are the concurrent uncertainties in the momentum associated with an even) 
and the point in space at which it occurs while AE and At are the conjoin 
uncertainties in the energy associated with an event and the time at which ii 
occurs. The two uncertainty relations could be merged into one by a four 
dimensional viewpoint in which energy is the momentum componen’ 
conjugate to time.) 

The staccato runner sets out to traverse a distance x in time t. To do this: 
he travels at velocity 2y/t for an interval t/4 and is then stationary for an 
interval 7/4. He then travels at the same velocity, 2y/t, for an interval 1/8 
and is again stationary for t/8. While the runner’s velocity in each interva; 
remains the same, 2y/t, each successive interval ———— by a factor of two} 


The total amount of time spent in motion is t/4 as 4" = 1/2 and the distan 


travelled is 2y/t x t/2 = yx. The significant aspect em us is that the runner ha 

started and stopped an infinite number of times, thus executing an infinit 

number of discrete acts in a finite time. However, the description of this ac 
violates the uncertainty relations because it involves an unallowably precis 

definition of the runner’s kinetic energy as a function of time. If the runner’s 
mass is m, his kinetic energy is 4m-(2y/t)* when he is moving and zero when 
he is stationary. The meaning of the energy-time uncertainty relation in this 
case is that starting and stopping of the runner may be considered discrete 
events only if separated by an interval larger than approximately h t”/4my?, 
When the interval becomes smaller than that, the runner’s energy state cannot 
be well enough defined to determine whether or not he is moving or stationary 
Hence, the starting and stopping are discrete acts only until the interval 
becomes that small. The size of the interval after n cycles of starting anc 
stopping is t/4:1/2". The condition for the acts to lose their discreteness i: 
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thus 
8 as She? 
42" 4my? 
or 
2 
myx 
eta 
ht 
or 
my” 
n= log, rey 5 (1) 


In equation (1), ” will always be finite if the runner’s velocity and distance 
he travels is finite; hence, in a quantum mechanical universe the staccato 
runner executes only a finite number of discrete acts in a finite time. 

The z-machine is a printing press designed to print all of the digits of the 
infinite decimal representation of z in one minute, in such manner that the 
first digit is printed in 4 minute, the second in } minute, the third in } minute, 
and so on, with the nth digit being printed in 4” minute. In order that the 
instantaneous speed of the press remain below the speed of light, it is required 
that the heights from which the press descends to the paper to print the suc- 
cessive digits are not equal, but form a geometrically decreasing series con- 
verging to zero. Then the z-machine, like the runner, moves at a constant 
average speed by traversing ever smaller distances in proportionately ever 
smaller times. Let us suppose that the press’s mass is m and its speed is v. 
Half the time it is moving upwards at v and the other half it is moving down- 
wards at v. Then the difference in momentum (which is a vector quantity) 
between upward and downward movement is 2mv. By the momentum-space 
uncertainty. principle, the uncertainty in the momentum is about h/2Ax. 
Hence, the upward and downward movements of the press become indis- 
tinguishable from each other, or indiscrete, when the height from which the 
press falls is less than about h/4mv. If the original height of the press is H, 
then after n digits have been printed, the press is falling from a height H/2”. 
Noting that v = 2H if time is measured in minutes, then we can calculate, 
analogous to equation (1), that the z-machine will execute only 


n = log — -) (2) 


discrete operations in one minute. 

_ The Peano machine recites the names of the sequence of natural numbers, 
n = 1,2,3,... ina finite time. Again, the intervals in which each successive 
number is pronounced form a geometrically decreasing series. In order to 
fit each sound into a progressively smaller interval, the pitch of each utterance 
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must increase infinitely. The infinitely increasing frequency requires that thy 
amplitude of vibration of the membrane which produces the sound muy 
become geometrically smaller, so that the membrane’s speed is bounde 
But again, just as with the z-machine, making the amplitude arbitrarily smaq 
makes the speed totally indeterminate. | 

The Thomson lamp is an electric light which is turned off and on aj} 
infinite number of times in one minute. As in the other machines, the interval 
between turning the light off and on form a geometrically decreasing series} 


about the impossibility of simultaneously defining the switch’s position ane 
motion well enough to execute the actions are the same as for the othe 
machines. In this case, an alternative argument also presents itself. Thi 
definition of the lamp as “off” or “on” depends on the energy state of thi 
filament. When the switching intervals become small enough, the energy—timj 
uncertainty relation tells us that the uncertainty in the filament’s energy 
state will become greater than the difference between “off” and “‘on’’. If th 
difference in energy between “‘off” and “‘on” is £, then when the time interva 
between switching becomes less than h/2E, the lamp cannot be defined 2 
either “off” or “‘on’’. Since the nth interval is 1/2” minutes long, the numbe: 
of discrete operations of the Thomson lamp in one minute (as limited b 
the filament) is 


} 


QE : 
n = log, re ). (3) 


It might be noted that in equations (1), (2) and (3), if A = 0, which is thy 
assumption of classical physics, then in each case the number of discret 
operations which may be performed in a finite time goes to infinity. Thus| 
it is strongly suggested that in a universe of classical physics it would bil 
possible to execute an infinite number of discrete operations in a finite time, 
while in a quantum mechanical universe it is not possible. I further sugges ; 
without having fully tested the issue, that in this case the quantum mechanica 
result is the one which most people would intuitively expect. | 


4. Implications for Generalized Complementarity and Theoretical Biolog 
of the Quantum Impossibility of Infinity Machines 


The first reason why the quantum impossibility of infinity machines i 
important to our central subject of complementarity in biology is that if 
were indeed possible to execute an infinite number of discrete operations in } 
finite time, this might lead to the possibility of making an infinite or arbitraril 
large number of measurements on a system. The existence of this capabilit 
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would undermine the bases for generalized complementarity as described in 
the Introduction. 
Secondly, if the impossibility of infinity machines is important for the 
validity of generalized complementarity, then this moves quantum mechanics 
-and the interaction viewpoint to which it is related into a central role in a 
theory of generalized complementarity and provides a direct connection 
between the applications of complementarity to atomic systems and to 
complex systems. 


5. A Quantitative Model of Irreducible Complexity 


So far I have built a qualitative rather abstract case for the relationship 
of the interaction viewpoint to generalized complementarity. The logic of 
this abstract case is that the interaction viewpoint leads to quantum mech- 
-anical uncertainty which prevents Griinbaum’s infinity machines from being 
-actually workable. The workability of infinity machines would essentially 
‘Tuin generalized complementarity as a fundamental principle in biology so 
the interaction viewpoint, while not proving generalized complementarity, 
has at least averted its disproof from one particular source. 

As a step towards further solidifying these relationships let us now 
consider a particular model system for which we can more precisely describe 
» how irreducible complexity may follow from the interaction viewpoint and 
give rise to dualism between deterministic and autonomous behavior. The 
model will be non-biological, in order that its components may be simply 
‘and precisely defined. This feature is not a problem, as the notions of 

generalized complementarity apply equally well to inorganic systems of suf- 
ficient complexity (Cohen, 1969). Let the system consist of a box with n 
lights on one side and n on-off switches on the other. The box cannot be 
opened, but we are assured that the switches and lights are connected by 
| simple electric wires, so Ohm’s Law is an adequate physical description of 
‘everything that happens. From the classical viewpoint, this is a deterministic 
system. The interaction viewpoint, however, leads us to consider how in 
‘fact we can do the experiments on the system which will enable us to predict 
‘its behavior. We are not given a wiring diagram, so we do not know before 
doing tests which switches are connected to which lights. In addition, each 
light may be connected to more than one switch and each switch may be 
‘connected to more than one light. Under these circumstances, the wiring 
diagram can be determined only by trying all of the 2” permutations of 
‘possible switch positions and recording which lights are on in each case. If 
‘the difference between the energy states of the ‘‘on” and “off” light filaments 
‘is E, then by our result in section 3, the maximum rate at which we may 


possibly run through these combinations is 2E/h sec~*. 
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So, the box wiring diagram may be determined in a time 2"h/2Esec. Buy 
the components of the box will eventually wear out. To do real justice tq 
the problem, the components should wear out on some probabilistic lifeq 
time curve, but we will simplify the problem and say that the limiting od 
is the lifetime of the filaments in the bulb and that they all last an “on’ 
time t,. Then, if each is on about half the time during testing, the wirin, 
diagram cannot be determined if 2"h/E 2 t;. Of course, we may have mo ‘ 
than one box, just as a biologist may have more than one specimen availabl 
of a given species. If we have m boxes, which we have some assurance ar¢ 
identical, then the condition for the wiring diagram to be incapable of fu 
determination becomes 

Qh/E = mtg. 


Note that if m and f¢, are infinite, we can always find a finite » which 
satisfy expression (4). Note also that this depends on the quantum nature o} 
the universe; in the classical universe where h = 0 the argument breaks 
down. Another interesting feature of expression (4), is that m and ¢, ar 
exponential functions of m and hence rise much faster than n. Thus, th 
addition of just one extra switch and light to a system, no matter how large 
the system already is, requires a doubling of the m-t, product necessary fos 
determining the wiring diagram. Of course, that one extra switch and ligh 
may be accompanied by lots of extra wires. 

It will be instructive to put numbers into expression (4) and see just how 
large the box must be to be irreducibly complex. The energy, E, is just thd 
energy associated with a photon emitted from the filament. Then f/E is just 
the reciprocal of the frequency of light emitted from the filament. While the 
filament does not emit monochromatic light, we may approximate visible 
light by a wavelength of 5x 10°A, which gives a period of 1-7x 107 !5secy 
or gives a measurement rate of 6 x 10'*sec”*. Suppose our light bulbs last 
for 10° hours, or 3-6 x 10° sec. Then, if we have just one box, the largest box 
whose behavior we can fully map before it wears out is 


n = log, (3-6 x 10° x 6 x 10*) 
= log, (2:16 x 107") 
70:6 
70 (rounded to the lower integer). 


Il 


lle 


This surprisingly small number reflects the fact that the number of possible 
functional connections between components goes up exponentially as the 
number of components increases linearly. This fact also leads to the resuil 
that one may increase enormously the lifetime of the filaments or the numbel 
of specimens we have available and still achieve only a very moderate increase 
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in the size of the maximum mappable box. For example, if we have 1000 


boxes which we know are identical, then we get 
n= log, (216 x 10"*) 
SS be) 
pep 


In fact, since 2'° = 10°, we see that every thousandfold increase in the 


t;"n product increases the size of the maximum mappable box by only ten 


switches and lights. 
The significance of the above is that an experimenter may know that a 
system has every component behaving deterministically according to quite 


simple physical law and yet the experimenter may never be able (even in 


principle, as long as the universe is quantum mechanical) to find out how all 
of the components are organized. The properties the system must have are 


complexity, mortality, and being one of a finite rather than infinite number 


of specimens. In expression (4), these properties are quantified by n, t, and 
m, respectively. Biological systems also have these properties, although they 
are not as simply quantified. 


6. The Irreducibly Complex Light Box and Biological Systems 


We might think of ways to make the model more like a biological system. 
It could learn and grow, for instance, which might be modelled by actually 
having the internal connections vary during the course of the experiment. 
Or each box might be slightly different from every other, corresponding to 
differences in genotype. The boxes might evolve; an error creeps into one of 


the procedures at the box factory and a mutation has occurred. All of these 


changes would tend to make the system more indeterminate. 
To make a fair analogy we should permit the experimenter to open the 


‘box, since it is possible to isolate parts of biological systems for more detailed 


study. We may also require, within this analogy, that whenever the box is 


opened some of the connections are inadvertently broken, so that dissection 


in itself cannot lead to full determination of a system that is otherwise 
irreducibly complex. However, we should admit isolation of subsystems as 
a powerful tool for understanding biology and deal with the question of how 
much a morphological description of the system’s organization may permit 
the experimenter to circumvent the limitations imposed by quantum mech- 
anics on the speed of analyzing a complex system by testing its behavior in 
all permutations. We will suppose that we could open the box without 
breaking any connections, and make a wiring diagram. Now, if we would see 


‘some clear pattern in the wiring diagram, we might have some luck in 
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generating a formula which could predict patterns in the lights from pat | 
terns in the switch settings. However, if no pattern is evident, then the onl i 
way to predict the behavior in all cases (i.e. to predict which lights will b e| 
on for any possible combination of switch positions) is to trace out the circuit \ 
diagram for each combination of switch positions. For a large network, one 
would not attempt to do this with pencil, paper and eye. One would program} 
the network into an electronic computer and use the computer to run throug 
all the permutations of switch positions. But the computer would be subject} 
to the same kind of limitations as the light box with regard to its ability to} 
do all the computations in its lifetime. In fact, the box itself constitutes ass 
efficient a scheme for simulating the box as can be devised. 

The light box might be somewhat related to the brain through considera+ 
tion of an analogous neuron box. Suppose we have n nerve endings capabl e! 
of excitation and n other nerves whose state we can monitor. Both the 
nerves we can excite and those we can monitor are interconnected by man 
synapses within the box. We will experiment with the neuron box in just 
the way that we did with the light box, i.e. we will simultaneously stimulate} 
some combination of the excitable nerve endings and observe the response} 
of the monitored nerves. As in the light box, we have 2” different stimulus 
patterns. If we neglect the possibility of establishing some ongoing activity; 
in the box (which would make things more complicated) we also have 2 
output possibilities. Now, however, our experiment will be much slower 
Given refractory period and synaptic delay, it would be quite unreasonable: 
to expect to do permutations faster than 100/second. If the box lasts the 
traditional human lifetime of three score and ten years or 2-21 x 10° sec, they 
largest box whose behavior we can fully map before it wears out is log, | 
(2:21 x 10'') = 37 input and output neurons. Our problem is worse if the 
box “learns” (alters its synaptic connections) during the course of the: 
experiment. On the other hand, as discussed in the case of the light box, we 
can do a slightly larger box if we have more specimens. This last point iss 
relevant only if we are not interested in application to those characteristics: 
of the brain which lead to human individuality. 


7. Summary 


It is a truism that while biological systems apparently obey physical lav 
the complexity of such systems often makes it difficult to articulate the: 
principles of their operation in terms of physical law, or indeed, in an 
deterministic terms. The intent of this paper is to state this truism more 
precisely than has previously been done, in the hope of contributing to 
clarification of the question of what are appropriate modes of descriptio 
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for complex and especially biological systems. The method of the paper 
involves using not only the results of quantum mechanics, but also the mode 
of inquiry suggested by those results, ie. the interaction viewpoint. The 
results of the paper lead to support of Elsasser’s notion of generalized 
complementarity with the addition of a model system which permits some 
quantification of the concept of irreducible complexity, and recognition of 
the roots of generalized complementarity in quantum mechanical uncertainty. 


I thank especially Dr Barry Lindley for stimulating discussions on these topics 
and also the entire membrane group of the Department of Physiology at Case 
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work I was supported by a National Science Foundation Postdoctoral Fellowship. 
While preparing this manuscript I entered into National Institutes of Health Fellow- 
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A mathematical formulism has been developed to investigate the 
theoretical considerations of importance in combining localized and sys- 
temic treatments for neoplastic disease. The concept of a cell density 
function describing the distribution of malignant cells throughout the 
organism allows development of a treatment regimen which will reduce 
the probability of recurrence to equal levels in all regions, a situation which 
often will result in optimum use of normal tissue tolerance. Examples 
presented include the use of systemic chemotherapy and local radiation 
therapy in the treatment of advanced Hodgkin’s Disease and leukemia. 


1. Introduction 


The use of combinations of radiation therapy and chemotherapy in the 
treatment of malignant tumors continues to be a field of active investigation. 
In the majority of instances the radiation is administered as a localized 
treatment while the chemotherapy is used systemically. There are exceptions 
to this generalization of course: systemic whole body external beam or 
internal isotope irradiation, and local perfusion chemotherapy. Surgical 
excision constitutes another form of localized treatment. Unless specifically 
stated contrarywise, in the theoretical discussion radiation will imply localized 
and chemotherapy imply generalized treatment, with the understanding that 
derived results will apply for any localized or any systemic therapy regardless 
of its particular type. 

The purpose of this work will be to examine the theoretical considerations 
which are important in designing an optimal combination of localized and 
systemic treatment, and specifically to apply these concepts in evaluating 
the new radical treatments for systemic lymphomas. 

Radiation and chemotherapy can be combined in many ways, but probably 
the most common, for curative purposes, involves carrying out the usual 
tadical course of radiation therapy with some supplemental chemotherapy 
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administered either prior to or during the radiation treatment. One frequentl} 
chooses for study advanced localized tumors, for example, stage III and IN 
head and neck tumors, which have a small but definite probability of curt 
with radiation therapy alone, and hopes that the combination will improv 
the chances for success. In a loose sense one relies on the radiation for the 
cure with the chemotherapy relegated to a helping role. This conceptua 
asymmetry is due to the fact that the available chemotherapy alone almos 
never cures the tumors in question, and is inherently manifest in the extrems 
reluctance to use doses of the chemotherapeutic agent sufficiently high s¢ 
that its side effects limit completion of the customary radical radiatior 
regimen. 

As the results of cancer chemotherapy improve due to the more effective 
use of established agents, the discovery of new active substances, and c 
rently most important the use of multi-drug combinations, one mighi 
logically suggest that the converse situation will arise: the use of drugs ai 
the primary modality for cure with radiation therapy playing the ancillary 
role. Two promising examples are the multi-drug treatments for leukemiz 
and for advanced lymphomas, especially Hodgkin’s Disease (DeVita 
Serpick & Carbone, 1969). While the basic role of the two modalities have 
in this case been reversed, the advantages and complications inherent ir 
each remain the same and are summarized in Table 1. Thus, primary chemo: 


TABLE 1 
Ae Ac rm fT 
Usual limiting toxic | 
Therapeutic Usual limiting toxic effect when used with 
effect effect when used alone _ the other modality as 
primary treatment _ 
Chemo. Rx Systemic Systemic Localized 
Rad. Rx Localized Localized Systemic | 


Se ee Et 


therapy will be used in systemic disorders and will be limited by systemic 
toxicity. Radiation therapy may be profitably added when the generalizec 
disease also presents as localized tumor clusters. In these cases the doses 0: 
radiation used will generally be limited by their systemic effect, a considera: 
tion usually not significant in the treatment of localized disease. For example 
the difficulty which arises in treating a large spleen in a leukemic patient is 
hematologic depression rather than tolerance of the upper abdomen, anc 
this systemic effect is strongly influenced by the previous use of chemotherapy 
When localized radiation therapy is being used as the primary treatment o 
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a localized tumor it is the local toxicity, within the radiation field, of the 
chemotherapeutic agent which is limiting. For example, the oral mucositis 
produced by methotrexate limits the dose which can be used in combination 
with radiation therapy for head and neck tumors. 

The difficulties in predicting and evaluating the results of these combination 
studies, particularly the latter primary radiation therapy studies, which 
have been by far the more numerous, have been frequently reviewed in the 
past. To be clinically useful a combination must increase the tumoricidal 
effect without increasing the various untoward reactions beyond acceptable 
levels; and the detection of additive or synergistic tumor effects while 
interesting from the point of view of studying mechanisms of action is in 
itself clinically irrelevant. The following theoretical considerations will be 
directed primarily towards combining localized and generalized treatments 
in an optimal quantitative way while keeping these important principles 
under consideration. 


2. Theory 


The following assumptions are used throughout unless otherwise indicated. 
(i) The disease process consists of a growth of malignant cells which are all 
essentially identical, perhaps representing a single clone, finite in number, 
and capable of unlimited proliferation.} (ii) The probability of curing the 
process, P., is the probability that no cells survive. If N cells are present 
initially and a treatment is applied such that each cell has a probability of 
surviving S, the survival fraction, the expected number of survivors N’ is 
given by 

N’ = SN. (1) 
Then P, is given by the Poisson probability for zero events when N’ events 
are expected :{ 
P, =e, (2) 
The theoretical development will now make use of, and is in fact simply a 
logical extension of, a formulism previously described for optimization of 
the radiation dose distribution within a tumor bearing volume. Initially it is 


+ These assumptions will meet with little objection in the case of solid tumors and in fact 
are basic to much of the current thinking in the treatment of leukemia, but it must be 
remembered that it is not a priori impossible that, in fact, there exists some totally different 
pathogenesis such as a faulty systemic regulatory process, or a mechanism of infection 
transmitting the characteristics of the disease from cell to cell, which would require a 
totally different mathematical description. 

t If host defense mechanisms can eliminate some finite number of residual cells thus 
permitting cure to be obtained when less than this number are present, P, can be calculated 
from the sum of higher-order Poisson terms. 
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worthwhile pointing out several relationships inherent in equation (2). If thi 
total cell population, N’, be divided into subpopulations (1, 2,3. iy) suck 
that N’ = N’,+N’,+N’;..., then the P, for the entire poaitiitiits is th 
product of similar exponential functions each representing the probabilit; 
of cure within the corresponding subpopulation. | 

Py att NE eee Mah gE 3 

Hes P, to approach a desirably high level, near 100%, each compone 
e ; must in fact be greater than this value. This simply states mathematical} 
that to achieve a cure one must cure every portion of the tumor regardless 
how it is arbitrarily subdivided. 

It is also worth recalling that the function e~™ describes a roughly 
sigmoid shaped curve varying from essentially zero to over 90% as 
decreases from 10 to 1/10. Again this is simply a mathematical statement 0: 
a fact which is intuitively obvious: that there is little chance of cure unti 
the expected number of surviving cells is reduced to approximately one, an¢ 
the cure probability quickly increases towards 100% if this expected value i 
much less than one. These three observations lead to an important general. 
ization which will serve as a guideline for combination therapy; in order t¢ 
have any reasonable probability of cure one must design a treatment whic 
will reduce the number of viable cells in each and every definable region 
V;, by a factor of less than 1/(10N;) where N; is the original number of cells 
within the ith region. 

Again, the concept of the cell density function, p(x, y, z) will be introduced 
It represents the expectation value of the number of tumor cells present in 
unit volume at the point (x,y,z), defined in an appropriate co-ordinate 
system, and thus can range from approximately 10° cellscm~? in regions 0} 
“solid” tumors to less than one in regions where such cells are rare. Thii 
function will constitute the entire knowledge of the distribution of tumo? 
cells throughout the body and will have to be estimated as well as possible 
from the total clinical information for a particular patient and the a prior 
knowledge of the behavior of the particular disease (see Appendix). Severa: 
relationships follow directly from this definition: 


N = JJ J o(xy,z) av (4 


where dV = dx-dy-dz. This function will always be integrable in som 
general sense and the integration is carried out over all regions, V, with an 

probability of containing the tumor cells. This volume may be subdividec 
into non-overlapping regions indicated V,,V2,..., leading to the following 
relationship with its natural correspondence with previons considerations. | 


N=JJJedv+f jf dv... = N,+N,.... C 
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These concepts will now be used to describe the effects of treatment with 
chemotherapy. Let us define C as the survival fraction following a course 
of treatment, where 0 < C < 1. If the effect is really systemic, that is, the 
same throughout the entire body, the number of surviving cells will be given 
by 


p=) S| Coy zdv =f f J Cp dV 
pee Cpavary hf Cpdv + 2.2906) 


However, certain factors may complicate this simple result. For example, 
the drugs may have only limited accessibility to a particular region, say V, 
with the result that this region will have a survival fraction, C, such that C, 
is greater than C. The number of surviving cells will then be given by 


Posnainy POA) J Coed Sh Cady +... (7) 


Further complications may arise in individual cells within one region 
having differing sensitivities. This might arise if the drug were active during 
only part of the cell cycle. It might also arise if certain cells in small areas 
were not adequately exposed to the drug by virtue, for example, of poor 
blood supply, but differing from the situation previously considered in that 
the cells were too intimately interspersed with the more sensitive cells to be 
selected out for an alternative localized treatment. One might approach this 
problem by subdividing the cell density function within a particular region, 
say V into component cell density functions, p,,p2,..., such that equation 
(8) might apply within V3: 


P(X, YZ) = pi(X, y,Z) + p2(X, y,Z) + p3(%, Zz) +--+, (8) 
and with corresponding cell survival fractions appropriately indexed to give 
3 oe ) ) ) C31 (x, ys Z) dV + j Jake Ga2p(X,3',.2z) dV 
v3 
thls Je Coals y,2) OV, toe 01 (9) 
Vv 


The effects of radiation therapy may be described in much the same way. 
If a particular region, say V4, is irradiated homogeneously a survival 
fraction, R,4, which is constant throughout this region may be defined so that 


N4=J J J Raplx,y,z) dV. (10) 
V4 
The radiation dose and the corresponding survival fraction, R, need not be 


homogeneous throughout any region but may be constantly varying with 
changes in the space co-ordinates. In fact the purpose of the previous paper 
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(Fischer, 1969) was to show how such variation in dose could be used to best} 
advantage. However, this complication will be ignored in the followings 
discussion. Variations in individual cell sensitivity due, for example, taj 
localized areas of hypoxia may be handled by relationships analogous ta 
equations (8) and (9) but will likewise be avoided for this discussion. | 
For simplicity, we shall assume that in areas treated with both chemo+} 
therapy and radiation therapy the resultant survival fraction is simply the 
product of the separate surviving fractions in the particular treatment} 
volumes. f | 
In order for these concepts to be useful for particular problems it is neces+ 
sary to have reasonable estimates of the values of the cell density function 
in various regions. Such information may come from direct examination; 
laboratory studies, and from accumulated knowledge about the particular 
neoplasm in question. A new mass of tumor detected on physical examination 
will contain approximately 10° cellscm~ *. When tumor infiltrates an existing} 
organ, quite large numbers of cells may exist undetected. For example, 4 
normal adult liver contains approximately 2x 10'* cells. A change n total 
size of less than 10° would probably go undetected on physical examination; 
and thus up to 2 x 10'* tumor cells could be interspersed among the normal 
cells. If liver biopsy techniques could detect one malignant cell per 1000 
observed cells, the upper limit of total tumor cells for occult involvement 
would drop to 2x 10%. It is commonly stated that a bone marrow biops 
will reveal malignant cells only if the total number present throughout th 
marrow space is greater than 10°. 
When the results of the most sensitive tests are normal, one must rely oH 
past experience in making estimates of cell density. Almost always such 
experience will consist only of probabilities of involvement versus non- 
involvement and not of frequency distributions of cell density functions. How 
such information can best be used will depend upon particular circumstances. 
If one is attempting to design a treatment for cure and if there is any reason- 
able chance that tumor will exist undetected in a particular region, it will 
probably be safest to consider that it is there at a cell density just under the 
level necessary for detection. The exact method of treatment will depend, as 
always, on the interaction of many factors including the side effects of the 
treatment itself. 
While the formulism so far developed may seem somewhat abstract 
several examples will illustrate its general applicability and usefulness. 


} This simple relationship might be inherent in the nature of the treatments or migh 
arise from variable conditions, such as the temporal relationships in the chosen therapeuti 
regimen. If a more complicated interaction took place, the appropriate survival fractio1 
would have to be measurable in some way for the calculations to be meaningful. 
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Example I. 


A patient with Stage IV Hodgkin’s Disease with cells distributed in the 
following manner: 


V,, a grossly enlarged liver with N, = 2x 10!' cells, 
V2, V3, large nodes with N, = N; = 3x 10!°, 

V,-Vzg, large nodes with N, = N;... = Ng = 10°, 
V,, bone marrow with negative biopsy, Ng < 10°, and 


Vo, all remaining regions none of which have detectable tumor masses, 
ie. p < 108cm™3, and with N,, = 10°. 


If a systemic chemotherapeutic regimen were carried out which produced 
the uncomplicated response described by equation (6) with a survival 
fraction, C = 10~'°, the new expected cell numbers would be N’, = 20, 
N’, = N’3; = 3, N’4-N’, = 1/10, N’o < 1/100 and N’,, = 1/10. The cure 
probability would be essentially zero, although it is quite important to note 
that the patient would certainly have no detectable evidence of disease and 
would likely remain in this complete remission for a considerable length of 

time until bulk tumor could regrow from the residual 26 viable cells. The 
residual cells are concentrated in several regions which are suitable for local 
radiation therapy. To make a rough estimate of the required doses one might 
use the fact that 3600 rad delivered at a rate of 1000 rad per week will 
generally reliably sterilize masses of Hodgkin’s tumor containing 10°-10'° 
cells (Kaplan, 1966). Since theoretical considerations would indicate that 
the dose required is roughly proportional to the logarithm of the number of 
cells to be sterilized (Suit, Shalek & Wette, 1965), each 400 rad must give an 
R of approximately 1/10. Thus with doses of approximately 1200 rad to the 
liver, 800 rad to the nodes of V, and V3, and 400 rad to the nodes of V,-Vg 
the cure probability should become approximately 80%. 

This combination treatment must be compared with a course of chemo- 
therapy alone which was sufficient to produce a C of approximately 107*%. 
In practical terms this might represent four instead of three 2-month cycles 
of multi-drug chemotherapy. Of course, the exact point at which it becomes 
advantageous to stop generalized therapy and to begin localized therapy 
will depend on the details of the toxicity, convenience, and feasibility of the 
separate treatments. However, it might seem a priori that treatment which 
is basically cytotoxic and of only limited selectivity will find itself at a 
relative disadvantage when considerable portions of the body have already 
been rendered free of tumor cells. For this example such a condition exists 


when C becomes less than 107”. 
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Example II. 

Advanced leukemia (D’Angio, Evans & Mitus, 1959; Johnson, 1964) 
N = 10!” at the time of presentation with widely disseminated disease: 
While there are relatively high cell densities in the bone fase brs liver, spleer 
and lymph nodes, the cell density is less than 10° cells cm 3 in all areas. This 
situation clearly requires systemic treatment since cure will be obtained only 
if an overall surviving fraction of less than 10~*?-10~** is obtained. 

Suppose, however, that a chemotherapeutic agent or combination of 
agents is chosen which produces a survival fraction of 107 13 everywher 
except in the central nervous system, which in fact harbors 10° leukemi 
cells, and there the surviving fraction is 10~*. Then the situation previously 
described in equation (7) holds. 


V, = whole body except CNS, 


N, = 10!?, 
V, = CNS, 
N, ——s {O° 


Following chemotherapy the number of surviving cells is approximatel 
10° and these are essentially confined to the central nervous system. Clearl 
local therapy to the CNS is indicated and this could be accomplished either 
with radiation therapy or intrathecal chemotherapy. In contrast to the 
previous example where the systemic therapy while failing to cure certaim 
local areas, however, reduced the cell concentration sufficiently so that very, 
low dose radiation, 400 to 1200 rad, was sufficient; local treatment in this 
case must be quite vigorous, sufficient to destroy in excess of 108 cells. | 

One can think of many other clinical problems which might usefully be 
approached in this manner. For example, a non-resectable, relatively radio- 
sensitive primary tumor with a high incidence but no definite evidence of 
metastases, a situation frequently encountered when dealing with a Ewing’ s 
or Wilms’ tumors, might best be treated with high dose local radiation and. 
low dose systemic chemotherapy. The exact dose to be used would depen 
upon the best estimates of the necessary survival fractions based on the 
available clinical data. 


3. Conclusion 

The model presented here is intended as a rough guide to important 
considerations in designing optimal combinations of radiation and chemo- 
therapy. When using any model, the underlying assumptions must be 
constantly borne in mind. For example, the concept that cure of tumors and 
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prevention of metastases is related only to destruction of a large number of 
identical cells is particularly simplistic. However, this factor is undoubtedly 
important and quite rightly may serve as the basis for a model which may 
then be modified to account for more complex host tumor interactions. 
Accepting these limitations, reasonable and consistent induction leads to the 
mathematical model and conclusions presented. Confirmation of these 
theoretical predictions must await reliable experimental and clinical results. 
In the absence of such data the formulism offers a logical basis for experi- 
mental design. An example of such an application is the protocol now in use 
at this medical center for the treatment of advanced Hodgkin’s Disease, 
which consists of intensive multi-drug chemotherapy with low dose irradiation 
of bulk lesions, as illustrated in the first example. This approach is distinctly 
different from several others for which preliminary data have been 
presented (Bull, deKiewiet, Rosenberg & Kaplan, 1970; Gamble, Fuller & 
Shullenberger, 1970; Amiel, Jasmin, Rouesse & Mathe, 1970), and future 
comparison of more extensive results should help in evaluating the theory. 


This work was supported by United States Public Health Service Grant, CA 
06519-08. 
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Appendix 


The concept of the cell density function is particularly important in 
evaluating the toxic effects of localized radiation therapy. For, while the 
required dose of radiation depends in the simple model only on the total 
number of cells to be destroyed, the local and systemic tolerance depends in 
a complex manner on the total volume treated as well as the dose absorbed. 


T.B. 8 
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One early approach to the relationship of volume to toxicity which was 
used particularly when dealing with systemic effects was the definition of 
the integral dose, J, expressed in gram-rads: ) 


T= ff Deyz)av. (At) 


There is a direct relationship between this quantity and various systemic 
effects such as hematopoietic depression, although the relationship is pre- 
vented from being either simple or precise by such obvious considerations as 
the fact that hematopoietic depression is greater when the radiation fields 
have included the spleen and large amounts of bone marrow. ) 
If one considers the simple example in which p(x, y,z) = fp, a constant, in 
the volume, V,, and zero elsewhere, the effect of p on J is easily appreciated. 
p=N,/V;, (A2) 

I = DY,, (A3) 

1 =D N Ii (A4) 

Since D depends only on N,, the integral dose is inversely related to pi 
Radical high dose radiation therapy can, therefore, be carried out when the 
tumor cells are confined to a small volume and # is accordingly large. 
Conversely, when the cell density is quite small, as occurs when the cells are 


scattered widely throughout the body, the integral dose is large and th 
systemic toxicity may limit treatment. | 


J. theor. Biol. (1972) 37, 115-124 
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A new and simplified calibration technique, employing spheres of nitro- 
cellulose, is described for use in the integrated X-ray absorption method 
for mass determination of single cells. Practical results and theoretically 
derived absorption data are compared and a close correspondence between 
the two obtained. 


1. Introduction 


The mass determination of cells utilizing the absorption of soft X-rays was 
introduced by Engstrom & Lindstrom (1947, 1950; Engstrom, 1950) and 
based on this an integrated absorption method was developed by Rosengren 
(1959). In these methods the transmission of rays through the specimen is 
compared with that passing through a reference system. Their accuracy, 
therefore, is dependent upon the nature and type of reference system used. 
To date, such reference systems have consisted of thin nitrocellulose films of 
known composition placed across the path of the X-ray beam. Some of the 
physicochemical factors involved in the formation of such films have been 
investigated (Brattgaard & Hallen, 1952) and their controlled production 
undertaken (Brattgaard & Hyden, 1952; Hallen & Ingelstam, 1952). 

This report is concerned with the production and use of a new type of 
reference system using spheres of nitrocellulose for calibration of the 
integrated absorption methods. The aim has been to more nearly simulate the 
geometry of a cell placed in the path of the X-ray beam by using a simple 
but accurate procedure which does not require the construction of special 
apparatus. In addition, comparisons are made between some practical 
results and certain theoretically derived absorption data. 


2. Experimental Procedure 
(A) PREPARATION OF SPHERES 


Nitrocellulose (Hercules Inc., product RS 4 sec) with elemental composition 


carbon 26°1%, hydrogen 3-0%, oxygen 58-9% and nitrogen 12% was used. 
115 
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This was received as a 30°% w/v solution in solvent consisting of equal parts: 
of ether and absolute ethanol; it was diluted by solvent to 4% w/v. The: 
solution was then sprayed, in short bursts, from a chromatography spray, 
bottle into a 1-1-5cm deep layer of liquid paraffin (Crestline mineral oil;; 
light) contained in a petri dish. The resultant population of spheres ranged) 
from 6m to about 100m in diameter. Harvesting of suitable spheres, 
including selection for size, was carried out under the high-power of an AO} 
stereomicroscope using a 0-5mm bore pipette, which, for ease of the: 
manipulations, was operated by a Leitz micromanipulator with suction) 
set-up. Other harvesting methods, e.g. sieving or centrifugation, failed 
because of aggregation of the spheres with consequent distortion of shape. 
The spheres were then placed on the under-side of cover slips over air in 
a 2mm deep glass chamber, and washed free of oil by repeated transfers in 
de-ionized water using micropipettes of slightly larger diameter than the 
spheres. They were then critically examined under phase optics for shape and 
freedom from oil. Following this they were then transferred in a small 
quantity of water by micropipette and under microscopic control onto a thin 
formvar film placed across a copper disc. The formvar film had previously 
been prepared from a 0:25% formvar solution in dichloroethane. The: 
mounted specimens were then dried overnight in an oven at 100°C and 
sphericity again checked by noting the concentricity of interference fringes: 
obtained under a Zeiss interference microscope (Plate I). Volume determina-. 
tion of each sphere was calculated from the average of 10 diameter measure-. 
ments made under visible optics at 400x magnification with an AO filar: 
micrometer eyepiece (see Table 1). Mass determinations were based on al 
specific gravity of 1-60 for dried nitrocellulose. 


(B) X-RAY ABSORPTION MEASUREMENTS 


These were performed using an integrated absorption method and X-ray 
apparatus designed on the lines described by Rosengren (1959). The apparatus; 
employed was built by engineers Larson and Pilhage, University of Goteborg,, 
Sweden. This produces a collimated beam which passes through a 9 um 
thick aluminium window such that the filtered beam has a model wavelength) 
of 8-336A. Also incorporated within the apparatus is a windowless, pro-: 
portional counter. Power supplies and ratemeters were obtained from) 
Nuclear-Chicago, Incorporated. The apertures employed were purchased | 
from Siemens, Incorporated, and permanently mounted into a specially) 
designed supporting metal disc. The overall arrangement allowed the upper | 
end of the aperture to be flush with the top plane of the disc, and, by fitting) 
over the protruding side-arm of the X-ray tube automatically aligned the: 
aperture with the center of the beam. Prior to use each aperture was calibrated. 


Piate I. Nitrocellulose sphere 10-85 wm in diameter photographed under interference 
optics using monochromatic light (546 nm). Note concentricity of interference fringes. 
Magnification approximately 1000 x. 
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For this a Gaertner travelling filament microscope and a 100 x magnificatioy 
was employed. Five groups of mutually perpendicular diameters wert 
measured and the average taken. Thus the ten measurements made on | 
“30 um’ diameter aperture gave an average of 34-95 um; the averages an 
standard deviations of the two groups were 35-82ym, S.D. 0-8103, ane 
34-09 um, S.D. 0-9057, respectively. The apertures were also repeatedl] 
checked under 400 x optics for any contamination and, if any was cee 


submitted to ultrasonication in a weak detergent solution. The deterge 
was removed entirely by rinsing with de-ionized water and drying at 60°C 
This process was repeated until transmission readings indicated a stabll 
“clear aperture”’ state had been reached. ) 

For absorption measurements counts were taken for ten minutes. Thi 
per cent transmission was calculated by comparing the cpm readout with thi 
formvar film near the sphere in place (background) and with the spheri 
interposed (see Fig. 1). With a 34-95 wm aperture, and using proportional ga: 
(argon 90%, methane 10%) the background was 52,000 counts/10 minutes 


: 


Incident X-rays (intensity /,) 


Aperture 


Particular attention was paid to the constancy and effect of operatin, 
conditions on the counts obtained, viz, (i) cathode current set at 90 yA 
maximum variation over 8hr working period <0-5yA; (ii) anode voltag 
set at 2°7kV; (iii) scaler voltage set at 2000 volts, using a 34-95 wm apertur 
with formvar across the aperture, counts per minute over an 8 hour workin 
period were 5262 (mean) with S.D. of 65-8; (iv) gas-flow maintained at ; 
rate for maximum counts per min; (v) distance of proportional counter fron 


Fic. 1 Three-dimensional representation of nitrocellulose sphere lying in aperture 
X-ray machine. See text for further explanation. 
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Fic. 2. Experimental results. Line calculated for unconstrained linear regression. 
-rediction limits determined by the method of K. A. Brownlee (1964), Numbers correspond 
0 sphere designations in Table 1. ----, 90% prediction limit; --+-, 95% prediction limit. 


pecimen kept constant at 2mm by use of a fine microscope adjustment and 
| stop. 

A typical example of the results obtained using a 34-95um diameter 
siemens aperture is shown in Table | and Fig. 2. 
In order to check the effective wavelength of the X-ray beam thin layers 
ff Mylar film were placed across the tube aperture. Table 2 shows the results 
ybtained both by experiment and by calculation. From the data the linear 
bsorption coefficient (uw) for Mylar was estimated by 6 different least- 
quares fits; thus repeated trials using equation (1) below gave a mean value 
f = 1372cm7!; repeated trials plus regression formulae gave w = 1335 
m~‘. The mass absorption coefficient of Mylar ranged from 1019-1099 
m? g~! and corresponded to a wavelength close to 8-336 A. 
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TABLE 2 


% Transmission 


Nee Thickness (um) Mass (g/cm?) Experimental Theoretical} | 


layers 
Mean SoBe ee NG, 
1 3°81 4-785 x 10-* 59-67 0-46360 3 
2 7-62 92571 5610m 2994-5506 O-12859. #5 
3 11-43 1-435:54 105% 999-975 O-18251 53 
4 15-24 1:914 x 10-% 12:95 0-31300 3 
5 19-05 2:343 x 10-8 8-51 0-07312 3 


+ N = Number of observations. 
Thickness of film = 0-00015; specific gravity (determined experimentally) = 1-254 
assumed chemical composition ‘of Mylar = (CioHsO.)n. 


3. Theoretical 


Because of the novelty of the reference system described above, ane 
because of the intrinsic interest of comparing practical results with thos) 
derived by theoretical means, an attempt has been made to derive a 
expression for the absorption of X-rays by spherical objects. 

Thus for an object of constant thickness where / is the intensity of thi 
incident X-ray beam and i, is the intensity of the transmitted X-ray beam} 
T and i are related as follows: 


i, = I exp {—(u/p)m}, (1 
where p/p is the mass absorption coefficient (u is the linear absorptio 
coefficient, and p is the specific gravity of the absorbing substance), an 
m is the mass/cm? of the object. With a spherical object, application o 
equation (1) gives the local intensity (i,) of the transmitted beam (at point p 
see Fig. 1. Also m = m'Z where m’ is mass/unit volume (mass/cm?*) an 
Z is the “depth” of the sphere at that point. Further 


Z = Wr?—(x? + y?). 
Thus at point p with x, y coordinates 


i, = I exp {—2(u/p)m'Vr? —(x? + y”)}. 


Summing all the i,s over the plane area of the sphere and averaging the su 


over the plane area we obtain the “average intensity” of the transmitte 
ray, i.e. 


. i, dA 
b= SaS on. 


_ 1 Jaf exp {—2(uip)m'v'r? —(? + y?)} dx dy 


nr? 
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Let T = the double integral in the numerator, c = —2(/p)m’, x = y cos 0, 
y = ysin 0, then 
2nr 
T =f fexp(eVr?—y?) (x, y) 
00 


a0, x0, »)| y dé 


= 2nf exp (cVr?—y?) pdy. 
0 
Now let u? = r?—y?, u = (r?—y?)'/?, y dy = —u du, then 
0 Ls 
T = —2njfe“u du = 2nfe“u du, 
r 1) 
and integration by parts gives 
r 1 1 
fi ae. eS eS ae 
Tt e 2 CT Fil 


i te 2I [ cr cr ak 1] 

= — = —— |cre*—e 4 

bar? ctr Lf 

Thus the total intensity (i) of transmitted X-rays through an aperture of 
radius R is 


a ve 
=] (1 = Ses ope (cre" —eT + »}. 


For the present work the data of K. T. J. Heinrich (1964) has been used 

to determine the p/p of the nitrocellulose employed. From this ¢ in the 
above formula = —3641-70cm?g~!; p/p carbon = 557-2; y/p oxygen 
= 1503-3; p/p nitrogen = 893-0). Figure 3 illustrates the curve obtained by 
this method. 
The total mass absorption coefficient (u/p) is composed of three terms, the 
true or photoelectric absorption coefficient (7/p), the mass scattering 
eoefficient (a/p) and pair-production coefficient (z/p), i.e. u/p = T/p+ 
«/p+7/p. However, for biological material, and with the wavelengths used 
(around 8-336 A), the scattering effect is small and generally neglected, and 
pair-production is inoperative. Thus, taking into account the mass scattering 
coefficient and following the semi-empirical formula of Victoreen (1943) 
based on the Klein—Nishina formula (1928) a curve similar to the above was 
generated. The same applied to data supplied by A. Engstrom (1956). 
Because in all instances the calculated results closely approximated each 
other, the curve depicted in Figure 3 may be taken as representative. 
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Fic. 3. Comparison of experimental and theoretical results. Experimental results given 
individually for each sphere listed in Table 1 (@). Theoretical curve based on mass 
absorption coefficients obtained from K. F. J. Heinrich (1964); - ---, 39:63 um aperture; | 

» 34:95 wm aperture. 


4. Discussion 


The present work shows that a simple, but accurate calibration system, 
more nearly simulating the geometric configuration of a cell placed in the’ 
path of an X-ray beam, and not requiring the use of specially designed 
apparatus (Brattgaard & Hallen, 1952), may be easily fabricated. This may | 
be used in an integrated absorption method for weighing cells. 

Also with regard to accuracy of mass determination in the present series, 
this, when expressed as dispersion (c), does not exceed 8-94 % and is usually 
considerably less. This figure can be improved upon by using higher mag- 
nifications when determining the diameter of the spheres, and compares’ 
favourably with the variations in weight of thin films obtained by Brattgaard : 
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& Hallen (1952). In addition, the method is not influenced by variations 
within the reference sample (Brattgaard & Hallen, 1952) as is liable to occur 
with the use of small and irregularly selected areas from within a thin film 
preparation. With the present technique, therefore, the expected errors 
would be systematic rather than random in nature. 

Importantly, the preparations developed here are essentially permanent 
and readily available for calibration purposes at any time. Already spheres 
have been kept in a simple dust-free enclosure for over a year and a half 
without evidence of deterioration, change in size, or transmission value. 

With regard to a comparison of experimental data with that obtained 
theoretically, it is evident that there is a good correspondence in transmission 
between the two sets within the lower mass range. At higher mass levels, 
however, discrepancy is noted. The causes for this may be due to a number 
of factors, important amongst which are the spectral output of the X-ray 
tube, and selection of a correct mass absorption coefficient for each of the 
elements composing the specimen. For the present work the spectral output 
has been assumed to be within the A/Ka region with modal point at 8-336A 
at which wavelength mass absorption coefficients of the elements composing 
nitrocellulose are available. Further, as has been recently pointed out 
(Heinrich, 1964), the mass absorption coefficients obtained from the older 
literature are now of questionable accuracy, and in the range from 5A to 
12A up-to-date measurements are almost non-existent. 

However, it is of interest that calculation of the value of the last term in 
the theoretical equation, i.e. that which relates to transmission through the 
specimen per se, shows a range from 2-816 % of the total transmission for the 
smallest sphere (number 4) to 16-76% of the total transmission for the 
largest sphere (number 19). These results indicate that the transmission 
through the specimen is relatively small and that the majority of the X-rays 
pass through the annular ring surrounding the specimen. This highlights the 
importance of such geometric factors as the degree of collimation of the 
X-ray beam and the distance of the specimen from the aperture. Both these 
factors influence the production and extent of a “penumbra” around the 
specimen, and thus the presence and size of an “effective” aperture as 
opposed to the true aperture employed. 

With the present set-up the angle subtended by the X-rays for production 
of a “penumbra” effect is not more than 0-0184radian. Thus with the 
specimen placed at a maximum distance from the aperture, i.e. at a distance 
equal to the thickness of the copper disc used for mounting (0-005inch or 
127 um), the maximum increase in radius of the aperture would be 2-34um. 
Using this as a basis the theoretical results were recalculated for an “effective” 
aperture of 39-63 um diameter, and for apertures of 39 um and 40m dia- 
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meter, respectively. The results and curve obtained using a 39-63 um dia- 
meter aperture are illustrated in Table 1 and Figure 3. As can be seen there 
is a very close correspondence in values between the theoretical and practical 
results throughout the whole range of specimens used. With 394m and) 
40 pm diameter apertures, very similar curves were obtained. . 

Such results indicate the sensitivity of the method to the size of the aper- 
ture.and the need for accurate measurement and cleanliness of the aperture 
used. Thus though useful and accurate information may be obtained, such 
stringent practical requirements plus the relative paucity of important data | 
already alluded to limit this as an absolute method. Nevertheless, the method | 
remains of considerable value as a reference system. 

In conclusion, therefore, these results emphasize the importance of taking | 
into account the geometric factors involved in a calibration method, for 
upon them the accuracy and usefulness of the technique critically depend. | 
Furthermore, they do question the validity of the thin-layer calibration 
methods which are currently in use with the integrated absorption procedures 
for the weighing of single cells. 
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Postulates for Partitioning Variance 
I. In Body Movement Among Its Originst 
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This is a first attempt to contribute biophysical postulates for a theory of 
body movement during rest and to suggest an efficient way to assign the 
variance in body reorientation among, at first, a few likely sources. A 
likely population of naturally occurring possibilities for the origin of 
body movement in chordates during rest has been divided into four 
classes with four postulates as a basis for predictions of trends and 
further divided into experiments with eight hypotheses. The four classes of 
possibilities comprise (i) interactions among gravity, time and mass, 
(ii) amount of muscular effort to maintain body orientations, (iii) con- 
comitant effects of movement of the appendages relative to the body, and 
(iv) inherent or enduring brain activity. The four manipulated variables in 
sequence are (i) body rotation, (ii) artificial propping of the entire body 
with and without rotation, (iii) artificial and mechanical flexion of the body 
appendages, and (iv) individual heredities chosen as subjects. For each 
hypothesis the available literature was reviewed as an additional step in an 
evaluation of a biophysical basis of movement during rest beginning with 
external pressure. The contribution of all four sources to the variance of a 
dependent variable can be assessed simultaneously as illustrated in a 
statistical model using four of the eight specific hypotheses derived. 


1. Introduction 


In some half century of measurement of body reorientations or movement 
during human sleep no theory has been offered to help direct or to interpret 
related research or to help guide its application. This paper offers initial 
postulates for a biophysical theory of the origins or sources of major body 
movements during rest in chordates, coupled with a review of the literature, 
the presentation of new apparatus and a statistical model for this research. 
Abundant personal experience indicates that failure to change position, 
even in bed, results in discomfort which most consider to be pressure related. 
Presumably, while this discomfort is mild it is relieved by a body reorienta- 
tion. Exceptions do occur as when one awakens with an ear sore under the 
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weight of the head or favors a wound in the abdomen and so delays “turningy 
over”. Note, the variable of movement itself is confounded with any voluntary 
change in the area of the body used in support. Experimentally it is possible 
to separate movement from the change in location of body perimeter sup+} 
plying a support surface, i.e. a reorientation. | 
When one does not become aware of or remember the mild or severe 
discomforts identified above is it only because we are largely asleep? Recall} 
of stimulus events input to the mammalian nervous system during sleep is} 
nil (Simmon & Emmons, 1956). Aserinsky (1970) considers that physiologica! | 
criteria, e.g. the electroencephalogram (EEG), indicate that the individual is 
awake during body turning. Yet there is little basis for memory of this event} 
because the relief may be immediate, the event is unremarkable and the} 
turning typically requires only 5 to 10 sec (Kleitman, 1963). The situation 
raises practical and theoretical questions on the efficiency and interpretatio 
of sleep. What is the consequence of the removal of all discomfort period 
to the amount and quality of sleep and other behavior? Does the brain 
require periodic sources of stimulation, noxious or otherwise, to functior 
normally on earth? Specifically let us determine (i) the magnitude of disy¥ 
comfort experienced in normal sleep before movement is made, (ii) the exac} 
sources of this discomfort or neural stimulation, and (iii) the magnitude o} 
the interactions arising from individual differences in the threshold sensitivity 
to physical stimuli, viz., mass, area and quality of support during sleep. 
Let us assume that all changes in neural input (stimulation) will affe 
higher neural output including sleep behavior and efficiency. By successive 
subtraction or addition of appropriate physical stimuli it is possible tq 
partition the variance in body movement (output) and to make an assignmen 
of the relative contribution arising from each input. To partition sources o 
variability from input, one starts with the lowest level of stimulation possible} 
sleep, followed by successive additions. The objective is to subtract the 
contribution of physical variables during sleep (e.g. pressure) that logically 
should interact with anatomy, specific gravity or heredity via the level of th 
discomfort threshold (i) to assess how much experimental error each of thes¢| 
variables may have been contributing in the past, and (ii) to help delineate! 
functional control of the brain. The comparatively large mass of the body asi 
for example, compared to the eye, permits manipulation of physical variable 
to be undertaken when the individual is asleep or at rest. For this reason 
any body orientation involving large muscles (labelled body movement) has 
been chosen as the dependent variable. ) 
In ontogenetic development we note how the uterus of mammals supplied 
a large and uniform area of support, postulated below to substitute fo} 
changing in time a smaller area used in support. If the latter is not accom 
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plished after birth by the neonate or parent during sleep shall it be assumed 
the need to move is unimportant at the small mass of the infant mammal? 
‘Presently, evidence is lacking. A human infant can roll over from his stomach 
to his back soon after birth, but he cannot turn completely from his back 
to his stomach until he is 5 to 6 months of age (Parmelee, 1970). They can 
and do roll from one side to the other when on their backs. The average age 
at which awake infants begin to completely roll from the prone to the supine 
position is about 5 months, and from the supine to the prone at about 6 
months (Anonymous, 1961). The age at which such rolling over is executed 
in sleep should be determined. 

In adults Kleitman (1963) usually found more minor than major (an 
entire shifting of the body) movements, and more movement in the second 
half of sleep. Adults moved 20 to 60 times per night occupying 3-0 to 5-0 
minutes of time requiring 5 to 10sec to change from one position (orienta- 
tion) to another. Johnson, Swan & Weigand (1930) found 20 to 45 gross 
position changes per 8hr sleep. Each unblanketed sleeper had his own 
repertoire of favorite positions. All postures that were favored require some 
supporting strain (often exerted against the shoulder and hip joint of one 
side) and require the femur and humerus as props. 

Zickgraf (1953) considered body movement a valid indicator of sleep and 
its trend. Zickgraf’s plots show that in periods of time in which S’s body is 
moving less, the frequency of heart beat was decreasing while the galvanic 
skin response was increasing, indicating low arousal. The pulse rate and 
consumption of oxygen are quickly responsive to major body movements, 
but quite insensitive to minor body movement (a head, hand, foot, arm) 
(Altshuler & Brebbia, 1967). Jackson (1941) found heart rate indicates an 
anticipatory acceleration that begins about 6-Omin before movement in 
sleep and increases rapidly in the half-minute just prior to movement. 
Possibly other neural stimulation mounts prior to the increase in heart rate. 
Nonetheless, significant neural stimulation (6-0 min by 20 to 60 reorientations) 
should amount to 2:0 hr minimum, a lot of stimulation the function of which 
is not understood. 

EEG amplitude was found to be directly related to the duration of bodily 
quiet (Coleman, Gray & Watanbe, 1959) and movements were commonest 
when the EEG indicated light sleep. The mean alpha content, indicating 
light sleep, in the 10sec period prior to movement increased over the average 
in all but one observation of Brazier & Beecher (1952). Of 80 instances in 
which muscle tension lasted over 5sec (mean of 20sec) Blake, Gerard & 
Kleitman (1939) found a shift to a light stage of sleep, largely from stages 
3 and 4, accompanied 90% of the body movements, and no change in 10% 
of the movements. Occasionally, sleep remained lighter for over an hour 
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following body movement. It is evident that there is significant arou 
associated with body movement. 


~”n 


been attempted by a few, but with apparently conflicting implication | 
e.g. Monroe (1967) favored ‘“‘good”’ versus “‘poor” sleepers, whereas Liener1 
& Othmer (1965) observed more body movements of significantly greater} 
amplitude among emotionally stable as compared to emotional labile groups} 
A basic theory on the origin of body movement is needed now. 
An efficient first step is to divide all natural causes of, for example, body 
movement, among a small and practical group rather than to postulate and 
test all possible origins. A population of origins for body movement are} 
divided among (i) pressure, (ii) relief of muscle tension used in body orienta: 
tion, (iii) other conditions sensed at the periphery of the nervous system anda 
(iv) neural activity originating in the brain. Postulates, P;, for these solitary 
possibilities, specific hypotheses H;;, a review of available evidence or step 
required for evaluation of hypotheses and a statistical model follow. 


2. Origins of Body Movement 
PRESSURE, P, 


A gravitational force impinging upon the interface of the body surfa 
and media of support is the origin of the stimulus to move during rest. The 
pressure from gravitational force acting upon body mass gives rise in time 
to noxious stimuli initiated from decreased capacity of an essential function 
of tissue, e.g. restriction of (i) the flow of intracellular or intercellular fluid : 
or blood or (ii) transmission in a nerve. The pressure gradients effected at the 
edges of the area sustaining a force against the body surface will not be treated} 
separately from the overall resultant of the force applied. Generally, the 
areas of body surface treated in this paper may be considered to include the 
area summed over several small spots of the skin, rather than only one most 
sensitive spot, as that which cutaneous mapping is able to display. | 

Five hypotheses, arising from a postulate that pressure alone is the origi 
of body movement in sleep, appear in the following sections together with 
the available evidence. 


Gravity, H,; 


As gravity is reduced to zero the frequency of body reorientations in rest 
will decrease linearily to zero. 


No comparisons of body reorientations with respect to the supportin 
surface have been reported on any American astronaut in space, although 
one elected to have continuous EEG monitoring. Over two continuous days 


| 


| 
| 
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of American Gemini VII space flight, no definite alternation in the EEG 
was observed for alert or sleep states (Kelloway & Maulsby, 1966). A sub- 
human animal is considered more ideal than a human for the above test 
because the influence of stress to complete an assignment may be similar to 
that occasioned on earth. 


Mass, H,;> 


As mass (length® or /*) of a chordate is uniformly increased per unit of 
surface area used to counter gravitational force there will be a geometric 
increase in the frequency of movement beyond a minimum, the threshold 
for mass. If frequency of movement has a cost to the animal in terms of 
energy, without other returns, organisms should evolve and use anatomical 
adaptions for support (e.g. the structure of legs, surface fat) or adopt suitable 
environments which will restrict the range over which frequency of movement 
will exist, e.g. mud, which will increase the surface area employed during 
rest. 

Naturalistic observations from the literature must suffice because no 
experimenter has uniformly varied the mass acting on a whole chordate to 
observe movement during rest. 

For children 25 to 58 months of age Garvey (1939) plotted the quiet and 

‘active intervals in 5-Omin blocks for movements involving at least that of 
one limb. The mean quiet period per age evidenced a trend without significant 
slope. In infants 1-0 to 9-0 months of age Kliorin (1954) found periods of 

immobility tended to be longer for the 9-0 month old infant. Garvey (1929) 

‘noted that children, although moving more frequently than adults, remain 

still for an hour or more at a time, which adults seldom do. Marquis (1933) 
plotted the average length of quiet period including results from other 
investigators. There was an overall increase from the 0-06-0-76yr to the 
6-10 yr interval. Thereafter little more can be said of the 25% decline to 
adult levels in view of the large variance and different investigators involved. 
A decrease in quiet time was predicted for uniform increases of mass. The 
plot of average number of active minutes over the available 6 to 18 yr range 
suggests a growth curve (Marquis, 1933). This observation is in accord with 
the above hypothesis. In none of these studies was area of support (length”) 
controlled as mass (length*) increased. 

_ Let us consider the brown bat, a small mammal which appears able to 
sleep in a location remote from any natural enemy. The only skeletal muscles 
which Brebbia & Paul (1969) reported as moved in two species were periodic 
twitchings in the forelimbs, wings and ears. Now a comparison with a large 
terrestrial mammal is needed because the response of the mammalian tissue 
to pressure is expected to be uniform across class. 
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Time body is in one orientation, H,3 ‘| 

A reduction of time a sleeping mammal is permitted in any one orientation 
with partial but sufficient area of support and comfort will effect an abrup | 
decrease in the frequency of voluntary body movement to zero. A simplifyingy 
assumption for this hypothesis, to permit rotation, is that with comfort and j 
sufficient area of packaging, support on any lateral circumference of a bi 1 
laterally symmetrical mammal will be equally satisfactory for purposes off 
this test. Limb movements can be separated by locating them in comfortable 
cuffs attached with just enough friction to allow movement and stability att 
any time. The human is considered the choice subject (S) because he cany 
report the sensation linked to stimulation or neural activity if sleep is inter-. 
rupted or if voluntary turning in the apparatus is desired. 

The three modes of manipulating the time a body is resting on one surfaces 
are (i) continuous rotation varying speed, (ii) discontinuous or step by step’ 
rotation varying primarily the off phase and (iii) oscillating or pendulart 
motion called rocking. The latter has an ancient history for use in infants and 
also for adults in hammocks and rocking chairs. | 

New apparatus has been built which can accomplish the former two 
sequences (i) and (ii) above, allowing rotation in either direction around the? 
longitudinal axis of the body at variable speeds with the limbs suspended in4 
any comfortable position. This apparatus, set upon an arc frame, can also} 
vary the inclination or, with refinement, rock the body in a second plane,; 
the longitudinal axis of the body. With additions powered movements could} 
also be supplied to the limbs and head support to automatically effect ai 
programmed change. These appendages are supported in cuffs with variable: 
friction joints. Such apparatus represents the closest that investigation hasy 
attained for testing the above and a later hypothesis, H,,. 


Area of supporting surface, Hy4 


As the area (/*) of the surface supporting the body is increased per mass} 
(I°) there will be a geometric decrease in the frequency of body movemen’ 
down to zero or some minimum value. The function should be shaped as fo: 
decreases in mass. Special anatomical features or irregularities e.g. limbs or} 
surface fat, deserve control. i 

Only in man is some data available on body movement for three differenti] 
areas of support, or softness, viz., a thinly carpeted plywood, an ordinary} 
mattress, and a soft feather mattress (Suckling, Koenig, Hoffman & Brooks,| 
1957). The average number of body moves was greatest on the hard surface,| 
but the difference between the medium and soft (feather) mattress was not} 
significant. A feather mattress is not expected to ensure a uniform distribution} 
of pressure. The pressure arising from the body or one limb on top of another 
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limb is considered sufficient stimulation for the body movement recorded on 
the feather mattress. Better control of stimulation arising from these sources 
is expected before concluding that further softness will achieve no reduction 
in movement. Thus, a specially designed bed as described above, is preferred. 


Quality of body support, H,; 

The frequency of body movement will be a geometrically increasing 
function as variability of resiliency increases in the media supporting the 
body. A uniform resiliency in otherwise satisfactory media may be taken as 
a first standard. 

Unfortunately, the two research teams which have studied sleep on liquid- 
like surfaces, achieving uniformity of support have meager observations on 
movement. Karacan & Williams (1971) report no effect upon the frequency 
of body movement, more stage shifts, more awakenings from stage 2 and 
from stage 1 without rapid eye movement (REM) and less sleep time for the 
11 adult Ss sleeping on a vinyl-like sheet over water than for those on a 
control bed. Shurley, Miller, McCurdy & Pishkin (1971) found much larger 
percentages of slow wave sleep on the fluidized ceramic bead bed (by 
Hargest—Artz) than in control beds. The temptation is to consider these 
results on humans as due more to the uniformity of resiliency of support than 

‘due to area of support. Shurley (1970) commented on a study (Shurley, 
Serafetinides, Brooks, Elsner & Kenney, 1969) on the slow-wave sleep of a 
pilot whale in which a rapid eye movement (REM) phase was inserted three 
times of approximately 20 min each. With the onset of REM further muscular 
relaxation occurred allowing loss of position vis-a-vis the surface of the water 
allowing the whale to roll either to the left or to the right submerging her 
blowhole and drifting toward the bottom slowly for a period of less than one 
minute before righting, arousing and returning to the surface to breathe. If 
the total area of support is sufficient to achieve zero body reorientation 
(H,,) then muscular relaxation or inherent brain activity are additional 
reasons for the whale to move in sleep, as above. 

Consider another extreme from regularity to irregularity of surface, 
but without breaking the cornified layers of the skin. Bishop (1949) was able 
to demonstrate the near constancy (K) of force required to impress a hemi- 
sphere 0-2 to 1-5mm diameter in contact with the skin, so stretching the 
skin surface to double its original area (2zr?:nr7), to elicit the discomfort 
threshold described as “prick” for humans. This force is expressed in the 
formula g/r? = K, and is a verification of von Frey’s early work. It was 
inferred that the afferent stimulus to this force was the lateral stretch of the 
papillary layer containing the sensory endings. “Deep” pain is felt at forces 
needed to embed a hemisphere over 2‘5mm diameter, which apparently 
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effected a bruising pressure instead of a simple indentation. Then deep pain } 
endings (nerves) are stimulated. As the surface shape is flattened more force} 
may be applied under the discomfort threshold than is possible for surfaces 
which are more acute or of greater curvature (Bishop, 1949). | 

As a corollary to the above hypothesis, H,5, it is proposed that they 
frequency of body movement will decrease in chordates which rest on terray 
firma as fat deposits under the skin increase over a moderate range. They 
quality of support provided by normal fat deposits in the body through neat} 
packaging around nerves, blood vessels, muscles or between skin and bones} 
is predicted to add more to the comfort and time to reach a threshold off 
pressure discomfort than the extra mass would subtract. The thin mammal 
should reorient the body more often than when moderately fat. Excess fa 
not only greatly adds to mass but to respiratory difficulties which in turn isy 
linked, by needs of priority, to body movement and to deranged sleep} 
(Broughton, 1970). | 


RELAXATION STATUS OF MUSCLES, Px 


The frequency of body movement will be a monotonically decreasing; 
function of the proportion of energy which the muscles, ordinarily used to} 
maintain normal body positions, are relieved of by other mechanical means. 
This postulate assumes another reason for selecting certain body positions: 
over other positions, e.g. to breath freely or to relieve pressure related dis-4 
comfort. The extent of reduction in frequency of body movement willl 
indicate the extent to which this variable is affected by work done by muscles} 
used to maintain reclined body orientations. 


Relief of muscle tension, H}, 


Replacing the energy used by muscles to maintain a trunk or body orienta- 
tion in increasing proportions by suitable propping or carriage of the body, 
will effect a geometric decrease in the frequency of body movement. | 

It would be convenient if a giraffe would co-operate in propping tests ony 
its head, a significant mass to sustain on a long leverage. Adult giraffes do} 
naturally lower their head to the ground an average of five times for 2-5 to} 
6-0 min each (a total of 21 min) per average night of 6-5 hr spent lying down) 
(Grzimek, 1965). The time thus spent in the 4-0 month old giraffe totalled 63) 
to 70 min instead of 21 min. An increasing state of relaxation in neck muscles, || 
a lowering of the head, a slowing of cardiac frequency and respiration with) 
indications of REM sleep accompany each other in several mammalian) 
families (Jouvet & Jouvet, 1964). ) 

Although obtaining relaxation of tensed muscles is quite universal in| 
animals, there is need for a direct test of the preceding hypothesis. It is) 
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possible to suspend the trunk of the human in solid but padded supports 
while the limbs and head are suspended in padded cuffs attached to an exo- 
skeletal frame with sufficient friction. Considering that pressure in time is also 
a likely stimulus source for movement, the test proposed above for relieving 
tension in muscles used when the head, femur or humerus are providing 
props to the trunk also should be conducted under conditions of rotation. 


OTHER AFFERENT STIMULI FOR MOVEMENT, P; 


There will be a monotonic reduction in the frequency of body movement 
as other biophysical stimuli of the body sensed at the periphery of the nervous 
system are reduced, excluding stimuli related to pressure relief or muscle 
relaxation as above. 


Movement needs, H;3, 


The frequency of body movement will be a monotonically decreasing 
function for increasing frequency of otherwise normal forced movements 
supplied. When the frequency of forced movements programmed in the 
natural form of the S equals or exceeds that of the normal frequency, there 
will be an abrupt cessation of the corresponding voluntary limb and neck 
movements. If supplying the natural limb and head movements involuntarily 
before they normally occur does not eliminate the expression of such 
voluntary body movements, then the origin of such cannot be simply as 
postulated above. In case another origin is partially operative, e.g. pressure, 
then the above hypothesis should be tested with programmed position 
changes of the body appendages under two treatments, viz. rotation and 
non-rotation. The suggested test would be attained after preliminary record- 
ing of a sleeper’s limb movements in apparatus such as that described above. 

No research related to the above hypothesis or postulate has been 
attempted. It seems unlikely that any physiological condition terminated by 
body or limb movement alone will be affected by involuntary or forced 
‘movement. 

There would be a basis to postulate a utility for periodic increases in, 
for example, blood pressure or volume if after all the afferent stimuli and 
responses requiring normal fluctuations in energy demands were eliminated, 
as proposed, there still occurred periodic increases in blood pressure or 
volume. 


CENTRAL RATHER THAN PERIPHERAL IN ORIGIN, P, 

Centrally arising brain activity rather than states coupled to the nervous 
system at the periphery originate body movement. Therefore, only manipula- 
tions which alter these central states of the brain will change the frequency 
of body movement. 
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Central Brain Origin, H4, | 

In appropriate tests of postulates P, to P4, one hypothesis for each, they 
only significant source of variance will be person (S), not a biophysicaij 
treatment. 

Next, consider the possibility that part of the input for body movement 
arises centrally and part arises peripherally from the nervous system no 
matter how transformed in the brain. Then, the individual source plus some 
of the three environmental variables could show significance. Evaluation of] 
the relative contribution of each source to the variance of body movement 
is possible in one factorial experiment (see Appendix). 

If a solely central origin for body movements holds, one would expect 
sufficient regularity within an individual over time for investigators to detect 
in some 40 years of observations. Rather, in the EEG output of the brainjj 
indicating voltage and frequency changes, investigators have agreed upon 4 
“basic rest activity cycle” (BRAC) which increases in duration in proportion) 
to body size in the course of either phylogenetic and ontogenetic development 
(Kleitman, 1969). This is 50 to 60min in the infant, about 70min at about 
age 4 years (Garvey, 1939) and 85 to 95min for adults in the case of man: 
Gross body movements (20 to 60 per night) are seen during all stages o3} 
sleep, but their rate of occurrence is highest during the REM (“dream”) 
stage and lowest during stages 3 and 4 (Aserinsky & Kleitman, 1955a) 
Oswald et al., 1963). Aserinsky & Kleitman (19555) noted that body move+ 
ments in infants very closely paralleled the observable eye movements3 
However, in adults there were long periods when eye movements existed inj 
the absence of body movement, which this author considers an expressio ? 
of differentiation in movement with maturity. Without experiments which) 
eliminate the mutually exclusive origins postulated, only weak conclusions 
are possible, e.g. body movement appears not to be wholly of central origin, 
but it appears either to be partially of central origin or roughly integrated 
into REM phases inside the brain. A significant variation (effect) of thet 
individual, S, or mij), in the statistical model in the Appendix, would 
confirm the importance of a central and solely efferent neural contribution ta] 
body movement. i 

The observations presently available only allow a tentative ordering of| 
the hierarchy of stimuli (drives) for body movement at times of rest if each} 
were operative. In decreasing order of priorities these are as follows: (i) easel 
of breathing, (ii) avoidance of pain, (iii) minimum pressure discomfort,| 
(iv) relief of muscle tension and (v) possibly other fluctuations in physiological 
activities which apparently can be delayed or partially overriden by activity 
inherited or conditioned in the brain. Such, now inherent, activity of the 
brain also appears able to delay termination of pressure or other mild dis, 


q 
} 
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comfort. Then, in normal rest it is practical to give external pressure first 
attention, and to ask how brain activity and sleep are affected by such a 
natural change of input stimulation. 


The National Research Council of Canada (Grant AP311) supported con- 
struction of the apparatus, the University of Lethbridge provided research leave and 
the Libraries at the Universities of British Columbia and California at Los Angeles, 
Brain Information Service, enabled coverage of foreign references. The critical 
readings of Professors D. J. Randall, D. R. Jones & T. Ebba, and the encourage- 
ment of B. J. Kennedy & D. J. Rainnie were appreciated; thanks go to all these 
people. 
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APPENDIX 


Model for a Test of Postulates and Discussion 


The statistical model for an experimental test of the above four postulates 


summarizes efficient experimental effort for obtaining the maximum informa} 
tion in one cross-section of time by manipulating variables hitherto uncon 
trolled in sleep. A full factorial experiment may provide information on the 
contribution to body movement from each source (origin) and all the inter- 


actions, using individuals as a random variable and three fixed variables| 
manipulated for postulates P, to P,, above. Assuming X; ;, is a linear functio | 
of the factorial effects and the experimental error then the structural modey 
for the partition of the effects under the standard assumptions of the analysis} 


may be described by equation (1) below. 
Xia = Poe FO Bly Py. Pe OB Ee BP . 
+ OBY; je Cagney + Sizer (1) 


where 

Xj jx = the value of an observation in a treatment ijk combination on any 
individual subject /, i! 

H.... = mean of treatment population, . 

a;... = effect of time that gravity is allowed to act continuously in one 
plane of the body, | 

B.;.. = effect of muscle tension relief in maintaining preferred bod | 
orientations, 

y..~. = effect of substituting powered movements for voluntary movements 


™..., = effect of individual (S), the experimental unit nested within treat-} 
ments ij and k above, | 


Cina = effect of residual variation or subject by treatment interactions. 


Instead of a group of 8 Ss being needed for the minimum of two levels off 
the three variables above, two groups of four Ss could be used if the invest-} 
igator is willing to sacrifice information on an interaction, such as the triple) 
interaction by complete confounding. If more than one night of observatio | 
is attained the contribution possible for sequence effects could be added ta} 
the above equation and incorporated into the design in the form of a latin| 
square arrangement for treatment and its order. : 


, 


| 
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of inherited and enduring or previously learned factors arises in the individual 
SOF Ti;x) effect. Since individual effects could be from the above two sources 
it is justifiable only to separate out this variance and to pool all treatment by 
individual interaction effects into the error term Cijxt aS a first research step, 
until more justification is found for gathering known inherited relationships, 
with their interactions, into appropriate terms of a model, and another 
source of replication is chosen for use as the error term. 
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In various publications during the last two decades heat conductance in 
animals has been expressed erroneously per gram bodyweight. Conduc- 
tance per animal is the factor in Fourier’s law of heat flow which multiplied 
by a difference in temperature results in rate of heat flow such as calories 
per hour. Conductance is the product of conductivity and surface area 
divided by the thickness of the insulating cover of the animal. Newton’s law 
of cooling deals with temperature loss rather than heat flow but several 
workers calculated heat loss from temperature loss of dead carcasses. 
From results of Herreid & Kessel on flow rates per gram of carcasses of 
birds and mammals, I calculated the flow rates per carcass and a plot of 
the log of this flow rate against the log of bodyweight indicated that the 
conductance in the carcass of birds and mammals was nearly proportional 
to the square root of bodyweight (W1/?). The skin thickness from rat, man 
and cow indicated hypometric increase with bodysize namely proportion- 
ality to W+/> instead of the similometric W1/*. The posit that conductivity is 
independent on bodysize, and that the thickness of the insulating cover is 
proportional to skin thickness, led to the deduction that conductance 
should be proportional to W?/?/W1!5 = W715 which is not far from the 
square root of bodyweight. The hypometry of skin thickness may thus 
serve as an explanation for the proportionality between conductance and 
the square root of the weight of carcasses of mammals and birds. 

If in a cold environment heat transfer of living animals works by con- 
duction alone, as in dead carcasses, then the ratio of basal metabolic rate 
to conductance indicates that the difference between body temperature and 
critical temperature is increasing with increasing body weight proportional 
to the 1/4 power of body weight. 

Our result that the basal metabolic rate increases with the 3/4 power of 
bodyweight but heat conductance increases only with the square root of 
bodyweight may serve as an explanation of Bergmann’s rule that cold 
climate favors big animals. 

In the evolution of the regulation of the metabolic rate to the level pro- 
portional to the 3/4 power of bodyweight mechanical requirements for 
survival appear to have been more decisive in natural selection than were 
caloric requirements for temperature regulation. 
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1. Flow Rate per Unit Bodyweight? 


During the last one and a half decades a considerable number of research} 
workers in the field of animal heat transfer have developed a habit of expres-} 
sing “conductance” as rate of heat flow per temperature difference per} 
bodyweight, for example, as calories per hour per °C per gram bodyweight. | 
The rate of heat flow per weight of the heat conductor would, however, } 
have a proper meaning only if this rate were in fact proportional to weight. | 
Flow rate instead is generally proportional to the cross sectional area of the 
flow. For heat flow from animals to the environment the flow area is} 
represented by the surface area of the body which can be estimated as} 
proportional to the 2/3 power of the bodyweight. That is how Scholander, 
Walters, Hock & Irving (1950) expressed it in their paper which is referred 
to in several later papers of other authors in which flow rate is expressed per} 
unit bodyweight. ) 

R. E. Henshaw (1968) offers an explanation for the change from surface: 
to weight in the calculations of conductance. He writes as follows: 


“Surface area varies among species and it is difficult to reliably | 
estimate, therefore, it is conventional to express heat production as aj} 
function of bodyweight.” | 


Such a function could be the 2/3 power of bodyweight as an estimate of} 
surface area. But by function of bodyweight in this case Henshaw obviously} 
means the first power. Combination of his equations (2) and (3) equates} 
surface area to gram hours. This deduction makes the validity of equation 
(3) doubtful. 

i 
2. Newton’s Law of Cooling | 

When Newton published his law in 1701 (see Molnar, 1969), cooling could] 
mean either loss of heat or loss of temperature. The lectures of Joseph Black; 
published after his death by his student Robinson in 1803 clarified they 
relation between temperature and heat and Ernst Mach wrote in his book on) 
the principles of the science of heat (1896, third ed., 1919) that cooling in) 
Newton’s law means a loss of what we now call temperature. In an excellent 
article on his recent careful test of Newton’s law, George Molnar (1969)) 
writes: ““by cooling we mean only the fall in temperature not the transfer o 
heat.” Earlier formulations of Newton’s law of cooling as a loss of temperature. 
appeared in a book by Lambert in 1779 (cited by Mach), by Kleiber (1932, 
1961, 1963) and by Morrison & Tietz (1957). 

Newton’s law of cooling may be expressed as an exponential function o 
temperature and time as shown in Fig. 1. 
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Fic. 1. Newton’s Law of Cooling. dT, = ky (T;—Ta); To —T, = (To—Ta)e~**, where T, is 
body temperature, J) is body temperature at time = 0, 7, = ambient temperature, 
ky is Newton’s cooling constant and ¢ is time. 


If animals are homeothermic they maintain a constant body temperature, 
then there is no cooling, d7, = 0, and Newton’s law loses its application. 
Morrison & Tietz (1957) however could make this law applicable by killing 
the animals and then measuring the decrease of the carcass temperature in 
a colder environment. This method had the advantage that blood circulation 
and its heat convection was stopped and the heat transfer from core to 
surface of the carcass could therefore be regarded as pure conduction which 
justified the term “‘conductance”’ for the result of these measurements. 

In Newton’s and in Molnar’s measurement, shown in our model (Fig. 1), 
the cooling body for Newton’s law is itself the thermometer. It indicates the 
mean temperature of the body. From the change of this mean temperature 
the corresponding loss of heat can be calculated according to the following 
equation: 

dO = CaF, 
where dQ = change in heat,dT= change in mean temperature and 
C = heat capacity of the cooling body. Instead of the mean temperature of 
the cooling carcass, Morrison and Tietz use a central temperature. This 
may not invalidate the calculation of the conductance if the internal resist- 
ance of the carcass to heat flow is negligible in comparison with the resistance 
of the insulating body cover. 

The relative importance of the resistance to heat flow of various parts of 
the body of man are discussed by Burton & Edholm (1955). Measuring heat 
flow in living animals based on Fourier’s law presents less difficulties 
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especially in the interpretation of the results than does the application 0} 
Newton’s law of cooling. A great advantage is the maintenance of the majon|f 
part of the body mass as a core with a quasi constant temperature which is| 
lost by killing the animal. | 


3. Fourier’s Law of Heat Flow 


As mentioned above it took a century after Newton for the clarification] 
of the relation between temperature and heat. After this achievement twa 
decades sufficed for the establishment of the law of heat flow by Fourier in 
his book “Théorie analytique de la chaleur”, Paris, 1822, cited by Mach 
(1919), pp. 80. 

A model for a simplified version of Fourier’s law of heat flow is shown 
in Fig. 2. The body of a homeothermic animal is represented by a spherica 
core with the temperature 7, and the surface temperature T, as shown o i 
the left side. The insulating material has the conductivity 2,. On the right 
side of Fig. 2 the insulating cover includes a shell of air outside the anima} 
and the heat flow in this case is proportional to the difference between the 
core temperature and the ambient temperature, 7,. . 


Fic. 2, Fourier’s Law of Heat Flow. (a): ¢ = 4, A/Li (T — Ts); (b):¢ = A2A/La (T — Ta)4} 
where q is rate of heat flow in cal sec~?, J is conductivity, A is surface area, L is thickness} 
of insulating cover, 7, is core temperature, T; is surface temperature, T, is ambient tempera ‘| 
ture and 14/L is conductance. 


Kleiber (1932) hesitated to use the term ‘“‘conductance” as a characteristic] 
for heat transfer in animals. He assumed that in the transfer of heat fro 


the core to the surface of living animals convection, especially by blood} 


circulation, contributes a significant part of the heat flow in addition tal 


conduction. He calculated the “specific insulation”, r, as the quotient off 


AT/Heat Flux, where AT stands for the difference between core temperature} 
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and surface temperature, and Flux = Flow Density = Flow Rate per Area 
of Flow. The specific insulation has the dimensions °C g/? cal~ 1. Scholander 
et al. (1950) also used the term “Insulation” with the same dimensions for 
bodysize mentioned above, for example g?/°. The observation that in a cold 
environment a living turtle despite its heat production, cools faster than a 
dead turtle (Pease & Halli, 1928) shows the importance of convection in 
animal heat transfer. 


4. Dimensions of Conductivity and Conductance 


(A) CONDUCTIVITY 

It is easy to find the definition of thermal conductivity in textbooks of 
general physics, for example, in “Physics, the Pioneer Science” by Lloyd 
William Taylor (1941) appears the following statement: “The thermal con- 
ductivity of any substance is the number of calories which will flow each 
second between opposite faces of a cube of that substance one meter on edge 
under a temperature difference of one degree.” The conductivity is expressed 
per unit of an area and a linear dimension. It is a thermal characteristic of 
material independent of size and shape of the conductor. An example for 
the units expressing conductivity is in cal, hr~*, °C~1, g71/°. 

Different parts of the insulating cover of an animal may have different 
heat conductivities and these may change in time. In this discussion we are 
dealing with average conductivities which include, but do not express, the 
variations. Differences in the average conductivity of the insulating cover 
of different animals are to be expected but changes of these conductivities 
between large and small animals are relatively minor in comparison with the 
great changes in body weights. For tentative comparisons of the heat flow 
in large and small animals one may therefore assume that the heat con- 
ductivity of the insulating material of the body cover is not systematically 
related to changes in body size. 


(B) CONDUCTANCE 


In contrast to the ease of finding definitions on conductivity one may 
have to open several textbooks, even among those specializing on heat 
transfer, before one can find one with conductance in the index. Conductance 
characterizes the influence of size and shape of the conductor on the heat 
low for a given conductivity. According to Gebhart “Heat transfer” (1961) 
>onductance (7) is the product of conductivity (A) and the ratio of surface 
area (A) to thickness (L) of the insulating cover. 


, 
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According to Fourier’s law the rate of heat flow (q) is conductance times} | 
temperature difference, g = y(T,—T,), or the conductance is the heat flow) 


from the animal per degree temperature difference between core and environ4| : 
ment y = q/(T,—T,). i} 
The dimension of conductance depends on the degree of similitude inj 
the build of the animal body. We may call large and small animals “similo>| 
metric” when their surface areas (A) are proportional to the 2/3 power 03} 
body weight (W?/%) and the thicknesses of the insulating layers (L) are 
proportional to the cube roots of body weight (W*/*). Thus in this case the 
conductance y = kW?/3/W'/3 = kW"/?. If in large and small animals the| 
insulating layers have not only the same conductivity but also the same 
thickness then the conductance is proportional to the surface area y = kW?/?} 
(We are neglecting differences in the specific volumes.) | 
In an earlier publication (1969) I called similarly built animals of different 
size ‘isometric’. I realize now that this was a mistake, isometric should b 
used only for the same, not for similar, measurements. If the skin thickness of} 
large and small animals were equal it would be isometric but not similometric 
Skin thickness is similometric if it changes in proportion to W1’%, | 
The thickness of the body covering is the most variable of the three 
combined factors of conductance. In the living animal it changes under the 
influence of physical temperature regulation. In a cool environment it 
reaches several times the thickness of the skin. As a working hypothesis oné 
may, however, assume that the average of the thickness of the insulating} 
layer over a sufficient time period is proportional to the thickness of the skin. 
A comparison of the skin thickness (Th) of rat, man and cow (Kleiber, 1969} 
indicated that the thickness of the skin increases with body weight not 
similometrically (in proportion to W*/%), but hypometrically, namely pro+| 
portional to W*/°. Since W?/3/W1/ = W7!'5 (loc. cit. p. 508), this result} 
suggested that the rate of heat flow through the surface per degree difference} 
in ees is nearly proportional to the square root of body weight} 
(w'. 


5. Conductance in Carcasses and Body Size 


In living animals heat flows by convection and conduction. Measurements} 
of the cooling rate of dead carcasses leads to results on conduction alone. || 

To find out to what power function of body weight the rate of heat flow 
per temperature difference is most nearly proportional, one can plot the 
logarithm of flow rate against the logarithm of body weight. Herreid &| 
Kessel (1967) have measured the rate of temperature lost by dead carcassesi 
of birds and mammals. From these cooling rates they have calculated the: 
corresponding rates of heat flow following the method of Morrison & Tietz 
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(1957) mentioned before. Unfortunately they published the flow rates per 
gram body weight. I have calculated from Herried and Kessel’s tables 1 and 
2, their original results per animal and applied the following equation to 
calculate the power function of body weight to which the heat flow per degree 
difference in temperature is proportional, so that conductance (y) is pro- 
portional to W?. 
log y = log const.+p log W, 
where y is conductance, W is body weight in grams, and p is exponent for 
W calculated from linear regressions by the method of least squares. 
The following results were obtained: 


for birds y = (4-40+0-12) W°*®? calhr~1°C™!, 
for mammals y = (5-44+0-30) W°'*8° calhr7*°C7. 
Rounding the exponents leads to the following equations for the relation 
of heat conductance and weight of dead carcasses: 
for birds y = 42W? calhr='°C™1, 
for mammals y = 5:1 W*/? calhr=1°C7?!. 
The conductance of dead carcasses is proportional to the square root of 
body weight. This is an amazingly close confirmation of the earlier deduction 
from Fourier’s law of heat flow applied to the observed hypometry of skin 
thickness taken as an indicator for the thermoconductive thickness of the 
insulating surface layer of the animal body. 
Figure 3 shows the logarithmic relation of the flow rate in bird carcasses. 
The flow rate per unit weight decreases with body size. This led Herreid and 


Log flow rate-log W?” 


ie) 1S 20 25 3:0 35 
Log W 


Fic. 3. Logarithmic relation of rate of heat flow calculated from cooling rate of dead birds 
per various powers of carcass weight. +, per animal; A, similometric; @, conductance; 
D surface law. 
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Kessel to the conclusion that larger birds are better insulated than smaller 
birds. Per unit area, the flow rate also decreases with increasing size. Bu { 
per cube root of bodyweight (to which in similometric animals the flow rate) 
would be proportional) the rate of heat flow increases with increasing bodyj 
size. A deduction, like the one just mentioned above, might thus lead to the 
opposite conclusion that smaller birds are better insulated than larger ones-} 
Expressed per square root of bodyweight, the flow rate is independent off 
body size. The conductance therefore is the product of conductivity and they 


square root of bodyweight. 


6. Basal Metabolism vs. Heat Conduction 


The total rate of heat transfer of a homeotherm, as a function of the} 
ambient temperature, can be approximated by the following equation: 


q = B+ 7(T,.—T,) 


in which q is rate of heat flow (calhr~‘), B is basal metabolic rate (cal hr~ *)s} 
y is conductance (cal hr~! °C~'), 7, is critical ambient temperature (°C), andi 
T, is ambient temperature (°C). 

Graphic illustrations of this equation are found in the literature, for 
example Scholander et al. (1950), Kleiber (1961) and Hart (1963). 

The rate of heat flow, g, as well as the basal metabolic rate, B, include heat 
transmission by conduction as well as convection; the product of conductances 
times temperature difference involves only heat flow by conduction. This} 


product, y (T',,—T',), may be termed the “extra thermostatic heat requirement”, 


un 


based on maximal resistance to heat flow. 

When the ambient temperature, 7,, is equal to the body temperature, the 
thermostatic heat requirement is zero. It increases in proportion to the 
temperature difference between body and environment but this does not} 
affect the basal metabolic rate at ambient temperatures in the metabolically) 
indifferent temperature range (above T,,). When 7, drops to 7,, the animal 
has exhausted its physical temperature regulation. The thermostatic heat 


I 


requirement has reached the basal metabolic rate and a further drop of T. al 
leads to an increase of the rate of heat production and consequently (ing 
steady state) a corresponding increase of the rate of heat flow, g. The rate o i 
heat production, like the rate of heat flow, becomes a linear function of the 
ambient temperature as formulated in the equation above. | 

Table 1 illustrates the influence of changes of bodyweight on basal hea ‘] 
transmission and on heat conduction. The basal metabolic rate amounts tai 
3 kcalhr~* per kg*’* or to 16-8calhr~! per g*/* of metabolic body size. The} 


| 
| 
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TABLE | 
Bodyweight, basal heat, conductance and critical temperature 


W wis B wu y B 
178 W,,3'* 16:8 W,3!4 5-1 Wil? Ty Te. 

g g°!* cal hr-? gi/2 cal hre2°© =3g1/2 2G 
10 5-5 93 3-2 16 5:8 

100 31-7 534 10:0 51 10°6 
1000 178 3000 31-6 161 18-6 
10000 1000 16800 100-0 510 33-0 
100000 5620 94900 316-0 1610 59-0 


mean of conductance of 5-1 calhr~* per square root of bodyweight in grams 
has been calculated from Table 2 for carcasses of mammals in the paper of 
Herreid and Kessel (1967). 


7. Critical Temperature and Body Size 


We may assume that conductance measured in dead carcasses is applicable 
to that part of the heat which is transferred by the living animal as heat 
conduction. The last column of Table 1 shows that increasing body size 
decreases the percentage of that part of the heat loss in the cold which 
results from increased heat conduction. 

Since the heat loss by conduction is y(A7) the ratio B/y becomes 1 (that 
B equals y) if y(AT) = B. The last column shows with what temperature 
difference the quotients have to be multiplied to make the heat flow by 
conduction equal to the basal metabolic rate. These AT’s are the differences 
between the body temperature and the critical temperature. 

These differences between body temperature and critical temperature in- 
crease with increasing body size. Assuming for the sake of simplicity an 
average body temperature of 37°C, a 10 gram animal would have a critical 
temperature of 37-0-5-8 = 31-2°C, a 100kg animal a critical of 37-59 = 
— 22°C. The relation of critical temperature to body weight may be expressed 
by the following equation: 

basal metabolic rate wis 


= Baieh Sateaan acme anette oe Mabe Pas = kwil4 
tee tank heat conductance wil 


J. S. Hart (1963) presents a table which shows the great differences in the 
critical temperature of various animals. A tendency for the larger animals 
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to have a lower critical temperature is noticeable. The posit, that the extra 
heat for temperature regulation below the critical temperature is only an iif 
increase in heat conduction, may be an oversimplification, so is the assump- | 
tion of a linear relation between rate of heat flow below the critical tempera-+} 
ture and the decrease in the temperature difference between body andl 
environment. Even with these limitations the theoretical formulation of ay 
relation between body size and critical temperature is of interest. It is ai} 
quantitative supplement to Bergmann’s law (Irving, 1964; Bergmann, 1847)}} 
that in cold environments natural selection favors bigger animals. 

Bergmann’s rule seems to me not as hopeless as it does to Scholander } 
(1955). In his calculation, Scholander mistook a temperature difference } 
between body and air (7° in tropics, 70° in the arctic) as a temperature? 
gradient (temperature difference per thickness of insulating layer) to which) 
the rate of heat flow is proportional. This temperature gradient in tropic and | 
arctic is equal if the insulating layer is 10 times as thick. If the fur of a 100 kg} 
bear is 10 times as thick as that of a 100g rat both furs are similometric, , 
which can easily be the case. This consideration supports Bergmann’s rule} 
on the influence of bodysize. In my critique of the surface law replacing it by} 
the 3/4 power law, I admitted that for questions of heat exchange the surface} 
law (as 2/3 power law) had some justification; but at the Warsaw Energy} 
Symposium, 1967 (Kleiber, 1969) I noted that Fourier’s law of heat flow) 
would support the surface law only if heat conductivity and also the thick- 4 
ness of the insulating cover were independent of bodysize. The latter would |} 
be a rather unusual case. i 

Generally one may state that big animals can stand a cold environment}} 
with less difficulty than small animals do, because the basal metabolic rate} 
of homeotherms increases with the 3/4 power of bodyweight whereas the}} 
conductance of their carcass rises only with the square root of bodyweight. 
Small animals are limited in the increase of their insulation, for example, by |} 
increasing the thickness of their fir as Scholander er al. noted. Big animals}} 
are less limited ; there seems no mechanical reason against eas they 


proportional to W*/3, 


8. Evolution of the Relation of Bodysize and Metabolic Rate 


If the major criterion in the natural selection of homeotherms had been 
the thermostatic heat requirement based on conductance then we might have} 
predicted that the metabolic rate would increase with bodysize in proportion 
to the square root of bodyweight. According to the surface law it would be 
proportional to the 2/3 power. But the measurements show that on the average 
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the basal metabolic rate is most closely proportional to the 3/4 power of 
bodyweight (Kleiber, 1932). 

Temperature regulation was therefore not a decisive factor in the evolution 
of the relation of metabolic rate and bodysize. That the metabolic rate 
increases in proportion to a higher power of bodyweight than its square 
root and even higher than the 2/3 power (surface), indicates that possibly 
other requirements such as mechanical power (work per time) for meeting 
emergencies may have played a more dominant role than heat requirement 
in the evolution of the level at which the metabolic rate is controlled. Kelly 
& Smith (1966) showed that chickens reared on a centrifuge with acceleration 
of up to two times gravity had an elevated metabolic rate. Based on the 
postulate that work against gravity increases in direct proportion to body- 
weight they predicted that the metabolic requirement for antigravity work, 
as a part of the basal metabolic rate, rises from 10% in a 1 kg chicken to 
56% in another homeotherm weighing 1000kg. The requirement for mech- 
anical energy may be not only work against gravity, it may be work of 
acceleration of body mass or work against friction. 


Discussions with Dr A. Heusner and the graduate students in his course on 
biophysics at the School of Veterinary Medicine, University of California at Davis, 
California, has been stimulating and helpful in the clarification of ideas expressed 
in this paper. 
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The amino acid sequence of histone F2A1 has been determined and 
physical evidence indicates the molecule has a high proportion of «-helical 
conformation. If the hypothesis is made that the sequence 33-98 forms 
an a-helix a possible binding site for a 16 base segment of DNA in an 
extended conformation is apparent. The histone molecule bears a spiral 
ridge rich in positively charged groups running beside a spiral groove with a 
mainly lipophilic floor. This can accommodate the phosphate groups (bound 
to the charged groups on the ridge) and ribose and base hydrocarbons (in 
the groove). The segment 1-31 of the histone in a 8 conformation can now 
run down alongside the DNA molecule in the same groove and forms 
multiple complementary bonds with selected amino acids on the a-helical 
portion (on one side) and with the DNA molecule (on the other side). 
A tentatively suggested base sequence of the DNA to achieve an optimal 
“fit”? is CTTCCPCCCC ??PCCT. The purpose of this relationship may be 
to allow the DNA molecule to make an acute bend or possibly the histone 
may act as a repressor. (P = purine base). 


1. Introduction 


Histones are thought to be concerned with the mechanical packing of long 
DNA molecules into confined spaces in the chromosome and possibly with 
repression mechanisms. The amino acid sequence of the arginine-rich 
histone F2A1 has been determined (Delange, Fambrough, Smith & Bonner, 
1969) for pea seedling and calf thymus. The two histones showed only very 
minor differences. 

We therefore examined the amino acid sequence looking for possible 
indications as to how it could interact with a regular polymer like DNA. 
Bradbury, Crane-Robinson, Goldman, Rattle & Stephens (1967) have shown 
hat the protein contains a “high proportion of a-helix” and that the mode 
of binding to DNA is constituted to a considerable degree by lipophilic 
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interactions involving non-polar moieties (ala, val, leu, ile). On adding DNAy 
the proportion of a-helix increased. Sluyser (1969) has suggested that they 
histone is folded so that the N terminal binds electrostatically to the C} 
terminal. Extensive studies of the interaction of histones and DNA have bee | 
made but as Sluyser & Snellen-Jurgens (1970) state “...the physiological| 
significance of interactions between histones and DNA studies in vitro is} 
not certain.” 


2. The Possible Conformation of Histone F2A1 


If we examine the amino acid sequence (Fig. 1) it would appear to consist} 
of two distinct portions on either side of the only pro (32). This would disrupt } 
an a-helix and clearly the segment 1-31 is not particularly well suited for 
a-helical formation with its nine gly moieties. We therefore made the hypo- | 


ac-ser-gly-arg-gly-lys-gly-gly-lys-gly-leu- 
gly-lys-gly-gly-ala-lys(ac)-arg-his-arg-lys(me)- 
val-leu-arg-asp-asn-ile-gln-gly-ile-thr- 
lys-pro-ala-ile-arg-arg-leu-ala-arg-arg- 
gly-gly-val-lys-arg-ile-ser-gly-leu-ile- 
tyr-glu-glu-thr-arg-gly-val-leu-lys-val- 
phe-leu-glu-asn-val-ile-arg-asp-ala-val- 
thr-tyr-thr-glu-his-ala-lys-arg-lys-thr- 
val-thr-ala-met-asp-val-val-tyr-ala-leu- 
lys-arg-gln-gly-arg-thr-leu-tyr-gly-phe- 
gly-gly-COOH 


Fic. 1. The amino acid sequence of histone F2A1. 


thesis that the segment 33-98 forms an a-helix. This is a higher proportion | 
than that found by Bradbury et al. (1967) except in trifluoroethanol. However, |} 
it is possible that the amount of «-helix may be increased to 70°% on inter- |} 
action with the correct segment of DNA. The construction of this using | 
Corey—Pauling-Kaltun (CPK) molecular models revealed the interesting | 
fact (vide Fig. 2) that every fourth amino acid (with 4 exceptions) is lipop- |} 
hilic and thus these would form a spiral groove winding around the rod- 
shaped a-helical structure. This “line” is that given in line III of Fig. 2 
Along side this is another line (no. IV in Fig. 2) which contains 13 amino || 
acids capable of bonding to DNA phosphate groups. The rigid rod-like form | 
of an a-helix is not remotely adapted to wind around the DNA double helix. |} 
But the spiral “charged-ridge plus lipophilic groove” arrangement is closely | 
adapted for a fully extended DNA molecule (double or single strand) to | 
wind around it. (In Plate I two representative bases from the complementary | 
strand of DNA are shown attached but the rest are removed to avoid || 
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obscuring the picture of the postulated interaction of the DNA and the | 
histone. The point here is that none of the hydrogen bonds made by the | 
histone to the bases would prevent the attachment of the complementary | 
strand by the Watson-Crick bonds; however, the DNA could as well be | 
single stranded). If this is done, with the major groove side “down” attached | 
to the histone, the phosphate oxygens can bind to arg, lys, ser, thr or tyr | 
groups as shown in Plate I and Fig. 3 whereupon the lipophilic ribose CH | 
groups and C, and C, CH groups of C and T fit closely into the lipophilic | 


groove. The spare electron pair on the N of purine bases fits precisely the 


OH groups of thr (54) and thr (81) so that a hydrogen bond can be formed. | 
Arg (78) can form an ionic bond with glu (74) thus the entire groove becomes | 
suitable for binding the DNA chain. The DNA binding is terminated by | 


tyr (98) which blocks the groove. The remaining portion of the histone | 


molecule (31-1) can now run down the spiral mainly lipophilic groove | 
described above parallel to the DNA chain turning at the (pro-lys-thr) | 
sequence (Fig. 3). Many of the amino acids coming off the side away from | 


the DNA chain bear complementary relations to the amino acids coming off 


lines I and II of the «-helix adjacent to them as illustrated in Plate I and | 
Fig. 3. Some of the amino acids coming off the side adjacent to the DNA | 
chain can interact with the chain, either by binding to phosphate (Args 22, | 
19, 17, 3; lys 5) or polar groups on the bases (gln, 27; asn, 25, ser, 1). One | 
polar group (major groove side) of each base (unused by Watson—Crick | 


bonding) can now hydrogen bond to the CO or NH groups of the peptide 
backbone. Note that every phosphate except two is bound to one or more 
complementary amino acids and that every basic amino acid on the helix 
except one (lys 77) is engaged in binding phosphate. Note that each purine 
base has an arg-arg or an arg-lys interdigitating system on each side. This 
histone molecule should clearly show preferential binding to a particular 
sequence of DNA. As Fig. 3 indicates there are 16 bases involved. If we 
number these bases 1-16 starting at the terminating tyr (98) end, bases 5 and 


12 would be preferentially purines and the rest pyrimidines for the reason | 


stated above (except numbers 11 and 12 where the unusual arg-glu link under- 
neath complicates the issue). The sequence suggested is tentative as the exact 
fit described above is dependant on the precise degree of extension of the 
DNA molecule. 

Factors favouring specific bases include the following. 


(i) Bulky lipophilic amino acids such as leu or ile would tend to favour 


C rather than T due to the steric hindrance with the methyl group of i 
T. Likewise gly or ala in the groove would tend to favour T as they allow |} 
a lipophilic interaction with the methyl group lacking in the case of C. || 


As noted above thr in the groove favours the binding of a purine base 
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owing to the possibility of hydrogen bond formation with the spare} 
electron pair on N7. | 
(ii) The acidic amino acids in line I, i.e. glu (53) and asp (85), may tend] 
to attract the adjacent NH of the linear polypeptide chain and repel CO) 
groups. The repelled groups will locate on the DNA side of this chain] 
and here favour the location of G over A (hydrogen bond with adjacent} 
NH instead of O), since both these acidic amino acids are opposites 
purine bases. 


| 
(iii) The amino acids coming off the base side of the linear polypeptide} 
chain interdigitate between the DNA bases. Thus their charge distribu-4 


tion will determine compatibility with particular bases in complex ways.. 


In the case of the interactions between the amino acids of line II and 
those on the linear polypeptide chain away from the DNA, the following: 
may be observed in Fig. 2. Ile (29), gly (28) and ile (26) react eet 
with ala (33) and leu (37). Other lipophilic contacts are leu (22) with leu (49);} 
gly (14) with phe (61); and leu (10) with ala (69), thr (73) and tyr (72). Ionic? 
bonds are made between asp (24) and arg (45); lys (20) and glu (52); his (18)} 
and glu (53); lys (12) and asp (68); and possibly the COO” terminal and} 
arg (92). Hydrogen bonds are effected between lys (Ac)(16) and asn (64);) 
and possibly the Ac terminal and gin (93) with the C terminal portion of the. 
peptide backbone. Other lipophilic contacts between lipophilic amino acids} 
and the lipophilic portions of polar amino acids en passant are as shown in 
Fig. 2 [e.g. leu (23) and arg (45); leu (49) to lys (20); val (57) and phe (61) 
to lys (Ac)(16); and val (65) and ala (69) to lys (12)]. The only amino acids 
not paired in this way are lys (8), gly (41), val (81) and asp (85). The arrange-} 
ments of the C terminal tail [tyr (98) to COO] offer a number of possible: 
arrangements. | 

Zubay & Doty (1959) suggest that histones in an «-helical form pack into) 
the major groove of DNA. This requires breaking the «-helix every 15-20A | 
and even then the “fit” is tangential and awkward. Richards & Pardon (1970) 
suggest that histone F2A1 has a partial «-helical form (residues 57-74 and 
80-90) and otherwise is fully extended. Their model assumes the major || 
binding of the histone to the DNA is polar, whereas Bradbury et al. (1967))| 
indicate it is to a considerable degree apolar. Simpson & Sober (1970))| 
indicate that physical studies suggest that the DNA bases exhibit partial 
unstacking in nucleohistone. Sung & Dixon (1970) report that at a late stage | 
of spermiogenesis in trout the histones are extensively phosphorylated and | 
acetylated, in the case of histone IV this involves particularly ser (1), and | 
lys 5, 8, 12, 16. They suggest that the N-terminal portion forms an a-helix 
(in spite of the nine glycines: vide Robson & Pain, 1971) and fits into the | 
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major groove of DNA and the four lys bind to phosphate OS. Phosphoryla- 
tion of ser (1) and acetylation of the four lys would cause the histone molecule 
to become “unzipped” from the DNA. In our model this enzymic action 
would lead to the same result but by a different mechanism. Furthermore 
section 33-98 contains a higher proportion (24/66) of «-helical favouring 
amino acids (glu, leu, ala, val) than section 31-1 (4/31) (vide Boublick et al., 
1970). 


3. Discussion 


The purpose of this interaction may be to allow the rigid DNA molecule 
to make an acute hair-pin bend as indicated in Fig. 4, the extended con- 
formation making the bend possible. Since this conformation is not stable as 


ST 
Stith 


Fic. 4. Suggested mode of bending the DNA molecule induced by histone splinting. 


ie 
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the stacking energy of the bases has been lost, presumably it requires the 
histone as a splint. Alternatively the histone could act as a repressor of this 
segment. Specificity for different genes might be exerted via the enzyme that 
methylates or acetylates the specific lysines. Possibly these enzymes are 
activated by gene specific signals and, for example, by methylating lys (20) 
allow the histone to come off the DNA and transcription to occur. Pre- 
sumably the DNA molecule has to make such hair-pin bends in order to 
construct the “rosette’’ structure seen by Olins and Olins (1971) following 
the interaction of histone F2A1 and native T7 DNA (their Fig. 4A). 


We are most grateful to the Ealing Corporation, Cambridge, Massachusetts, for 
the loan of CPK models that made this research possible, and to the Neuroscience 
Program, University of Alabama, for support. 
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An hypothesis suggesting that acrolein might form part of a universal 
cell-growth regulatory system is presented. This unsaturated aldehyde ap- 
pears, better than any other compound proposed so far, to fulfill the 
structural requirements and characteristics of the universal growth-inhibitor 
predicted in Szent-Gyorgyi’s bioelectronic theory. 

Acrolein is a highly cytotoxic compound through a preferential inhibi- 
tion of nucleic acid syntheses. It presents strong affinity for SH groups, 
cross-linking properties, high reactivity, and is formed during the enzy- 
mic oxidation of such widely distributed biogenic amines as spermine or 
spermidine. In addition, acrolein is also produced during the oxidative 
degradation of the anti-tumor agent cyclophosphamide. 

Indirect evidence for the formation of acrolein in vivo is discussed. 


1. Introduction 


During investigation of the hypothesis that there may be growth-regulatory 
or growth-inhibitory substances in muscle tissue, a compound that under 
our experimental conditions was cytotoxic against mammalian cells in vitro, 
was isolated and identified as spermine (Alarcon, Foley & Modest, 1961). 
The cytotoxicity of this polyamine was found to depend on the concomitant 
presence of spermine oxidase (Alarcon et al., 1961; Halevy, Fuchs & Mager, 
1962; Bachrach, Abzug & Bekierkunst, 1967). Subsequently, acrolein, a 
highly cytotoxic aldehyde, was detected in distillates from mixtures containing 
oxidized spermine (Alarcon, 1964). Its formation under physiological 
conditions of pH and temperature during the enzymic oxidation of sper- 
mine or spermidine, was later conclusively demonstrated in our laboratories 
(Alarcon 1966a,b, 1968, 1970a), and confirmed by Li & Zeller (1970) and 
Kimes & Morris (1971a). Pertinent data suggested that acrolein was the 
oxidation product largely responsible for above polyamines’ cytotoxicity on 
mammalian cells (Alarcon, 1964, 1966a, 1970a), or E. coli (Kimes & Morris, 
159 


19715). More recently, we have found that acrolein is also formed during 
oxidative degradation (either by liver microsomes or chemicals) of cyclo 
phosphamide, the widely used anti-tumor agent (Alarcon & Meienhofer] 
1971 
eats and collaborators, in research also spanning several year! 
have attempted to isolate and characterize “‘retine”, an antigrowth principle 
they found in the thymus, muscles, tendons, urine, clam extracts, etc., but 
not in malignant tissues (Szent-Gyorgyi, Hegyeli & McLaughlin, 1962, 1963: 
Hegyeli, McLaughlin & Szent-Gyorgyi, 1963; Egyud, 1965; Szent-Gyorgyii 
Egyud & McLaughlin, 1967). Although retine escaped isolation, their 
studies suggested that the active component of retine was a methyl-glyoxal 
derivative (Egyud, 1965). This tentative conclusion was reached even thoug 
the inhibitory activity of retine seemed to be considerably higher than that of 
methyl-glyoxal or any derivative tested (Egyud, 1965; Szent-Gyorgyi, 1965), 
Subsequently, a broader and more important function, that of the universal 
growth-inhibitor postulated in the bioelectronic theory outlined below, wass 
attributed to methyl-glyoxal. 

We shall attempt to demonstrate, as suggested in a preliminary repor 
(Alarcon, 19706), that acrolein fulfills the structural requirements and. 
characteristics of the theoretically predicted growth-inhibitor, better than} 
any other compound proposed so far. 
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2. Outline of Szent-Gyorgyi’s Bioelectronic Theory 


i 
J 


The “‘bioelectronic theory” on regulation of cell division developed by; 
Szent-Gyorgyi (1968a,b), is based on the hypothesis that electron donor-! 
acceptor interactions or charge-transfers may be a common and fundamental |} 
biological reaction and that a subtle balance of these interactions may be an) 
important parameter of cell life. The cell is described as rich in donors (i.e. H 
SH groups) but poor in acceptors. The carbonyl group (CO), of either | 
ketones or aldehydes, appearing to be the only group present in cells that can}| 
act as an acceptor. | 
A single CO is presented as a weak z electron acceptor. Consequently, its 
acceptor strength could be increased by extending its 2 pool, e.g. by |] 
introducing another double bond in the «f-position, as it is found in methyl-; 
H, | 

vinyl ketone ee i But since no substance of this com-|| 
position was known to play a major role in biochemistry, it was alternatively | 
reasoned that the introduction of a second CO group in the neighboring || 
carbon atom would also extend the z electron system and the reactivity | 
would be increased should one of the carbonyls be part of an aldehyde || 
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group (Szent-Gyorgyi, 1968a). This is the structure of «-keto-aldehydes, a 

large number of which were synthesized and examined (Egyud, 1967, 1968; 

Szent-Gyorgyi, 1967). It was concluded from these studies and theoretical 

considerations that “if keto-aldehydes play a role in regulations, then it is, 
(cus, co-t 

in all probability, methyl-glyoxal Lp hes 4 which fulfills this role” 

(Szent-Gyorgyi, 19685). 


3. Acrolein as the Predicted Electron-acceptor Inhibitor 


H 

We want to propose that the cytotoxic aldehyde acrolein oe ese 
fulfills all the structural characteristics of the electron acceptor growth- 
inhibitor initially hypothesized by Szent-Gyorgyi. It differs from methylvinyl 
ketone in that hydrogen is substituted for the methyl group attached to the 
carbonyl carbon, which makes the molecule an aldehyde and, therefore, a 
more reactive compound. Furthermore, acrolein in solution undergoes only 
a minimal hydration, as shown by infrared spectra (Milch, 1964) and other 
studies (Anderson & Hood, 1962), unlike most aldehydes which exist to a 
great extent as hydrates. This is an important variance, since in the hydrated 
form the aldehydic CO becomes a poorer electron-acceptor than the ketonic 
one (Szent-Gyorgyi, 19685). Similarly, the formation of B-hydroxypropion- 
aldehyde, the result of a possible alternate hydration, has been reported to 
be negligible in fresh solutions of acrolein at neutral pH (Pressman & Lucas, 
1942). An observation in agreement with our own serial recordings of u.v. 
spectra of diluted acrolein solutions (107° M) which show that the absorption 
at 209nm (ethylenic group) decreased very slowly (1/20th-1/26th per day). 
[The solutions were kept at room temperature in closed u.v. cells of 3 ml 
capacity and spectra were taken for nine consecutive days. | 

Additional support to our proposal on the role of acrolein, can be found 
in the studies undertaken by Bouby, Fiquet-Fayard & Abgrall (1965) prior 
to the formulation of the bioelectronic theory, where the “frequency of 
attachment” of thermal electrons on a number of vaporized organic com- 
pounds was determined. The electron-acceptor capability of acrolein was 
found to be higher than that of related aliphatic carbonyl compounds such 
as methylvinyl ketone, mesityl oxide or methyl acrylate. 

Therefore, acrolein appears to fulfill satisfactorily not only the structural 
characteristics of the electron-acceptor compound postulated in the “bio- 
electronic theory” of Szent-Gyorgyi, but to possess as well many of the 
physical and chemical properties ascribed to “‘free retine’”’, such as small 
molecular weight, high reactivity and volatility (Anderson & Hood, 1962), 
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bifunctionality, affinity for SH groups (Catch, Cook, Graham & Heilbron, | 
1947; McPhee & Lipson, 1954), for cytotoxicity (Alarcon, 1964, 1966a; Izard, 
1967; Leuchtenberger, Schumacher & Haldimann, 1968; Kimes & Morris, | 
19715), and others. 


4, Comparison of the Biological Effects of Acrolein, Methyl-Glyoxal 
and Retine 


Work from our laboratory (Alarcon, 1964, 1966a) indicates that the 
cytotoxicity of acrolein in vitro (S-180ID59 = 2-6-3-5 x 107°), is 10-100} 
times higher than that reported for methyl-glyoxal (Szent-Gyorgyi, 1965;; 
Gregg, 1968). A similar difference (one-hundredfold) between these two) 
compounds is recorded in a preliminary report by Wilmer & Wallersteiner: 
(1939) on the growth-inhibitory effects of several aldehydes against fibro-¥ 
blasts. In this respect, as previously noted, retine has been reported to have; 
a considerably higher growth-inhibitory activity than that of methyl-glyoxal 


TABLE 1 


Effect of acrolein on the incorporation of radioactive precursors into cultured 
cellst ) 


Uptake (cpm x 10°)t % Inhibition 


(°H]—Uridine uptake 


Controls 16-0 0 

Acrolein 5 yg 9-1 42 

Acrolein 10 ng 3:9 75 
(®?H]—Thymidine uptake 

Controls 0:95 0 

Acrolein 10 yg 0-84 15 

Acrolein 15 yg 0-66 33 
[®H]—Leucine uptake 

Controls 1-24 0 

Acrolein 10 yg 145 ‘) 

Acrolein 15 yg 0:60 51 i} 
ee ee ee OR eee ee CS 


+ Petri dishes (100 mm diameter) seeded with 3 x 10° polyoma-transformed (neoplastic 
cells from cell lines of the Chinese hamster in 10 ml modified Eagle’s MEM culture medium} 
(Yerganian, Nell, Cho, Hayford & Ho, 1969). After 24-48 hours in culture (log-phase),|} 
acrolein 5, 10, or 15 zg/petri dish (final concentrations 0-8, 1:7, and 2:5X10-5m) wasy 
added (0 time). One hour later [5-°H]-uridine; [methyl-*H]-thymidine, or [4, 5-3H]-leucined 
(2:4 or 4-2 uCi/petri dish respectively) was added, and the incubation at 37°C continued for} 
30 min before harvesting cells to measure radioisotope uptake (Otsuka & Egyud, 1967). || 

t Average of two or three cultures, 
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or any related keto-aldehyde tested (Egyud, 1965; Szent-Gyorgyi, 1965). All 
these inhibitory activities present as a common feature, their decrease or 
neutralization by sulfhydryl compounds (Egyud & Szent-Gyorgyi, 1966b; 
Alarcon, 1966a; Szent-Gyorgyi et al., 1967; Izard, 1967, Egyud, 1968). 

The primary effect of methyl-glyoxal and related keto-aldehydes against 
E. coli and several mammalian cell lines, is inhibition of protein synthesis 
(Guidotti, Loretti & Ciaranfi, 1965; Egyud & Szent-Gyorgyi, 1966); 
Otsuka & Egyud, 1967, 1968; Gregg, 1968), a mechanism that differs from 
that of a protein fraction from normal liver tissue (representing retine ?) 
with which it has been compared, and which preferentially inhibited RNA 
and DNA synthesis (Otsuka & Egyud, 1967). Experiments in our laboratories 
with neoplastic cells and radioactive precursors, similarly indicate that 
acrolein at the concentrations used (0-8-2-5 x 107° M) preferentially inhibits 
nucleic acid synthesis (Table 1), a characteristic also observed in studies 
with £. coli, by Kimes & Morris (19715). Though we still regard our con- 
clusions as preliminary, they are in good agreement with the results obtained 
by Leuchtenberger et a/. (1968) in the course of their investigations on the 
biological effects on cells, of cigarette smoke and its components. They 
observed that in cultured kidney cells and in syncytium of Physarum poly- 
cephalum acrolein produced a preferential inhibition of RNA synthesis. 
Munsch & Freyssinet (1971) extending these studies on this tobacco smoke’s 
component, have recently described the inhibitory effects of acrolein on 
nucleic acid syntheses in vivo. 


5. Studies Suggesting the Formation of Acrolein in vivo 


Studies in the rat with radioactive tracers by Siimes (1967), conclusively 
demonstrated that the degradation of spermine to spermidine and of sper- 
midine to putrescine occurs in vivo. 

These degradations have been formerly reported to take place in enzymic 
oxidations in vitro (Tabor, Tabor & Rosenthal, 1954; Tabor & Rosenthal, 
1956; Bachrach & Bar-Or, 1960; Unemoto, 1963). We confirmed this, and 
demonstrated in addition, that under physiological conditions of pH and 
temperature, the unstable primary product from the enzymic deamination of 
spermidine, H,N(CH,),NHCH,CH,CHO, yields acrolein besides putrescine, 
and that the amino aldehydes from spermine decompose into acrolein and 
either putrescine or spermidine, according to the oxidation rate (Alarcon, 
1970a). 

There are some indications that the degradation of these polyamines in 
vivo can be accomplished by analogous oxidative deaminations. Evidence of 
spermine-oxidase activity has been found in kidney and heart muscle tissue 
of guinea pigs (Hirsch, 1953), and in the microsome fraction of bovine liver 
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and kidney homogenates (Gorkin, 1962). Caldarera and co-workers, have} 
measured an inducible spermine oxidase activity in chick embryo homo- | 
genates, and in chick embryo brains, where the enzymic levels of activity 
appeared to be directly related to the polyamine content of the tissue} 
(Caldarera, Barbiroli, Moruzzi, 1965; Caldarera, Moruzzi, Rossoni & | 
Barbiroli, 1969). Since in these latter studies the enzymic activity was 
determined by the amount of ammonia liberated in the reaction, it indicates | 
that an oxidative deamination of the polyamines took place and, in all 
probability, that the other products of these enzymic reactions, the unstable } 
amino aldehydes (Tabor, Tabor & Bachrach, 1964), were also formed. This | 
possibility is supported by the recent finding by Kakimoto ef al. (1969) of | 
putreanine, a new amino acid probably formed by oxidation of the amino 
aldehyde derived from spermidine. 

Consequently, based on these experimental data and presumptive evidence, 
it appears safe to assume that acrolein is also formed in vivo, even if the | 
resulting unstable amino aldehydes were to decompose only partially. | 

In addition, prior to most of these studies, a theory based on extensive 
experimental work with acrolein in vivo, had been formulated by Soriano } 
(1962), suggesting that unknown substances having an action analogous to | 
acrolein are formed in allergic and possibly in some non-allergic biological | 
reactions. 


6. Comments and Conclusions 


Our interest in acrolein began before 1964 when we reported its detection |} 
on distillates from oxidized spermine mixtures and its high cytotoxicity | 
(Alarcon, 1964), prior to the suggestion that methyl-glyoxal or a derivative | 
might represent the growth-inhibitory substance found in diverse biological | | 
material (Egyud, 1965; Szent-Gyorgyi, 1968). Recently, we offered conclusive | 
proof (Alarcon, 1970a), and received confirmation (Li & Zeller, 1970;_ | 
Kimes & Morris, 1971a) on the formation of acrolein during the enzymic | | 
oxidation, of the widely distributed biogenic amines spermine and sper- || 
midine (Tabor & Tabor, 1964). At the time of the enunciation of the bio-. 
electronic theory this information was not available, thus adding interest to | 
the fact that during development of the bioelectronic theory the first pos-_ 
sibility thought to boost the carbonyl group acceptor ability was, through |} 
the insertion of another double bond in the wf position in the molecule 
(Szent-Gyorgyi, 1968q), a structural characteristic that is present in acrolein. 
Although the dinitrophenylhydrazone derivatives and u.v. spectra of the } 
extracts containing active retine and those of acrolein are different, it should || 
be emphasized that “active retine” has not been isolated. For the same || 
reason the coincidental variations that have been described in the u.v. || 


a 
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spectra of retine preparations and methyl-glyoxal, depending on the pH 
(Egyud, 1965) do not appear to us especially significant. Furthermore, we 
have observed similar variations in the absorption maxima lengths of several 
related compounds, such as glyceraldehyde, dihydroxyacetone, and propanal. 

Other compounds proposed as representing “‘active retine” have been, 
(i) carbon-suboxide, postulated without accompanying biological data 
(Marmasse, 1966), (ii) 4-hydroxy-2-ketobutyraldehyde, a heat-resistant 
bacterial growth-inhibitor extracted from HeLa cells (Sparkes & Kenny, 
1969), but whose relationship to retine [a heat-sensitive compound supposed 
to be absent in malignant cells (Szent-Gyorgyi et al., 1967)] still awaits 
clarification, and recently though more tentatively (iii) malondialdehyde, 
thought to be a possible product from an hypothetical enzymic oxidation of 
f-aminopropionaldehyde (Quash & Taylor, 1970). 

Although more data is necessary to ascertain which role acrolein might 
play in biochemistry, our present proposal, that acrolein might form part of 
a universal cell growth-regulatory system, rests on a wide basis of facts and 
presumptive evidence. Facts are represented by acrolein’s origin from widely 
distributed biogenic amines, its high cytotoxicity, its affinity for SH groups 
(important in cell division), its high reactivity, and its preferential inhibition 
of nucleic acids. Presumptive evidence is represented by the high degree of 
correlation between the structural characteristics of acrolein and Szent- 
Gyorgyi hypothetical universal growth-inhibitor, the existence of glutathione 
S-transferase (Boyland & Chasseaud, 1967) a new enzyme whose most 
active substrate is acrolein (tested as the diethyl-acetal), the finding of sper- 
mine oxidase activity in tissues, the instability of the primary oxidation 
products of spermine or spermidine resulting in the formation of acrolein, 
etc. 

Furthermore, this review of facts and theoretical considerations on 
acrolein, has recently acquired additional interest, in view of our finding that 
this aldehyde is also formed during the oxidative degradation of cyclo- 
phosphamide, the widely used anti-tumor agent (Alarcon & Meienhofer, 
1971). 

Consequently, it was decided to communicate this comparison between 
an enzymic product and a theoretically predicted compound, at this stage of 
our research, to stimulate further work in this field because of its potential 
biological and therapeutic possibilities. 


I thank Drs J. Meienhofer, H. Maeda and E. Atherton for stimulating dis- 
cussions and suggestions in the preparation of this manuscript. This investigation 
was supported in part by Research Grant C-6516 from The National Cancer 
Institute, National Institutes of Health. Presented in part at the Federated Societies 
for Experimental Biology, April 14, 1970. 
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Suspensions of mouse tumour cells were cultured over glass coverslips, 
and their rate of adhesion to the coverslips measured. The interaction 
energies between the cell and coverslip surfaces were computed according 
to DLVO-theory, on the basis of experimentally determined parameters, 
for a wide range of values of Hamaker’s coefficients. The secondary 
attractive minimum was computed to occur when the two surfaces were 
separated by 40-85 A. It was observed that 50% of the cells adhered to 
the coverslips after 30 minutes, although it was calculated that they 
could gravitate to the position of the secondary minima in approximately 
5 minutes. We have discussed this delay of 25 minutes in terms of the 
mechanisms of cell adhesion to the coverslips. 

While it is impossible to arrive at any dogmatic conclusions, our 
findings are not generally in favour of physiologically significant ad- 
hesions occurring in the secondary minimum. The hypothesis is therefore 
advanced that the 25 minute delay is associated with the establishment 
of adhesion in the primary minimum. Two non-exclusive feasible mecha- 
nisms are discussed, namely that the delay is associated with the protrusion 
and movement of cellular probes from the positions of the secondary to 
the primary minima, and/or the extrusion of an intercellular “glue’’. 


1. Introduction 


In this communication, we have attempted to interpret some observations 
on the rate of adhesion of cells to glass surfaces in vitro. 


2. Experiments 


Ehrlich—Lettre hyperdiploid carcinoma ascites (EAT) cells were maintained 
in suspension culture at 37°C, at densities of 2-6 x 10°/ml, in RPMI medium 
1630 (Moore, Sandberg & Ulrich, 1966) supplemented with 5% calf serum. 
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Circular coverslips of 2-5cm diameter were placed at the bottom of 2°8 cm i 
diameter circular polyethylene dishes. They were covered to a depth of | | 
3mm with 2ml of suspension containing 5x 10*EAT cells/ml. Lids were | 
placed over the dishes which were incubated at 37°C. Coverslips were | 
removed from the dishes at various times, rinsed gently in two changes of | 
Hanks’ balanced salt solution (pH 7-2) maintained at 37°C, and then mounted } 
on microscope slides. Counts were made of the cells adherent to central | 
areas of the coverslips of 0-39mm/?, with an eyepiece grid micrometer fitted | 
to a phase contrast microscope. | 

The numbers of cells adhering to coverslips at the stated times, are ex- | 
pressed as a percentage of the total in the suspension, and are shown in } 
Fig. 1. It is seen that 50% of the cells adhere to the coverslips in 30 minutes. | 
It may be noted parenthetically that the rate of adhesion of EAT cells to | 
cellular monolayers is similar (Maslow & Weiss, 1971). 

The electrophoretic mobilities of the EAT cells and glass particles obtained 
from crushed coverslips were measured in culture medium at 37°C. The 
mean cellular electrophoretic mobilities corresponded to zeta-potentials of | 
—12-5mV, and very approximately to surface potentials (W%) of —32mV } 
(Weiss & Harlos, 1972). The mean mobilities of the glass particles cor- | 
responded to zeta-potentials of —9-3 and Wy) = —27mV. 


3. Discussion 


The surfaces of both the protein-coated coverslips and the EAT cells | 
carry net negative charges which generate an electrostatic repulsion barrier | 
between them. The total interaction energy, V;, which is the resultant of the | 
electrostatic repulsion, Vg, and the van der Waals’ attraction energy, Va, | 
between a sedimenting cell and the coverslip may be computed by means of | 
the ball and plate equations given by Hogg, Healey & Furstenau (1966), | 
within the inherent limitations of the (DLVO-) theory of colloid stability, | 
given by Derjaguin & Landau (1941) and Verwey & Overbeek (1948). Some | 
of the problems encountered in using these formulae for interactions involving | i) 
cells, have recently been reviewed by Weiss & Harlos (1972). 


Vq = 0-25 ea[(, +2) In {1+ exp (—KH)} 


+(W;—W2)* In {1- exp(—KH)}], (1) 
V, = — Aa/6H, (2) || 


where W, (glass) = —27mV; wW, (cell) = —32mV; a=cell radius, | 
= 6:7um; & = dielectric constant = 74-3; 1/K = the Debye-Hiickel para- | 
meter = 8A; A = Hamaker’s coefficient = 5x 10714, 5x 10715 or 5x 10728 
eres ie distance between the two interacting surfaces. | 
| 
| 
' 


ADHESION OF CELLS TO COVERSLIPS a 


The results of computing the total interaction energies for these values is 
shown in Fig. 2. It is seen that in approaching a coverslip surface, the cell 
will encounter a secondary attractive minimum, when the plane of the surface 
charges is separated by 40-85A, for values of A of 5x 107!4 and 5x 1071 
erg, respectively. 

We next calculate the time taken for a cell to sediment from the mid-point 
of the suspending fluid, i.e. 1-5mm above the coverslip, to the position of 
the secondary minimum. It can be seen that as 1-5mm is very much greater 
than the computed distance of the secondary minimum from the coverslip, 
the precise location of the secondary minimum is of little immediate 
consequence. 

The rate of descent, u, of a body of radius a through fluid is classically 
given by Stokes’ equation, 


u = F/6xna, (3) 


where F is the applied force (gravity) and 4 is dynamic viscosity. A modified 
form of Stokes’ equation due to Brenner (1961) is appropriate to the case of 
a body falling towards a flat surface, when allowances must be made for the 
“drainage’”’ of fluid from between the two surfaces at close approach. 
The time ¢ taken for a sphere of radius a to gravitate hcm towards a flat 
plate in a medium of viscosity 7 may be derived from Brenner (1961) as 
“ h2 
ee 5 ay (4) 
a’ Apg ii, 


where Ap is the density difference between sphere and medium, g is accelera- 
tion due to gravity and 1 is Stokes’ correction factor. 


2 n(n+1) E sinh (2n+ 1)a+(2n+ 1) sinh 20 | 


A= $sinh@ > op —1(On-+3) [4 sinh? (n-+4)0—Cn-+ 1)? sinh? a 


where « = cosh™! (1+4A/a). 

Substituting the values 1 = 0-729cps(Hz), a = 6-7um, p = 1-071 g/cm? 
(Pretlow & Boone, 1969), Ap = 1-071-1-0014 = 0-07 g/cm?, A = 0:15cm 
(—60A), and ¢ = 169sec; the integral Jadh has been graphically evaluated. 

The fact that 50% of the cells require 1800sec to adhere to the coverslip 
(Fig. 1), indicates that the major part of this time (1800-169 = 1631 sec) is 
required for the next part of the adhesive process to occur, regardless of its 
mechanism. 

When secondary attractive minima are computed, using a range of values 
for Hamaker’s coefficient (Fig. 2), it can be seen that depending on the value 
selected, energies sufficient for stabilization of cell/coverslip adhesion can 


100 
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Fic. 1. The percentage cells (ordinate) + standard error adhering toa coverslip afte 
incubation at 37°C, for the indicated times in minutes (abscissa). Each point is the mean o 
6 to 10 observations. 


Total interaction energy (Erg x 10!) 
Total interaction energy (kT) 
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Fic, 2. The computed total interaction energies, expressed as erg xX 101? (left-hand 
ordinate) and kT (right-hand ordinate), between a flat coverslip and a spherical tumour 
cell. Hamaker’s coefficient was ascribed values of A, 5x 107** erg: B, .5x%107°° engt 


C, 1x10~* erg, and D, 5 x 10-*4 erg. The positions of the secondary minima correspond 
to 85 to 40 A separation (abscissa) respectively. 
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be obtained. However, it seems unlikely that the adhesions we observe 
experimentally (Fig. 1) are simply those occurring when the surfaces of 
spherical cells lie in a secondary minimum because once this position were 
reached, after 169 seconds, adhesion would be instantaneous, but our cal- 
culations indicate that an additional period of more than 27 minutes is 
required for adhesion to occur. Two main alternatives are therefore considered 
for this delay. The first is that the time is taken up by a process which 
stabilizes adhesion within the secondary minimum, with 40 to 80A separation 
between cell and coverslip surfaces. The second possibility is that something 
else happens, resulting in adhesion in the primary minimum, when the 
interacting surfaces are separated by the repulsion “barrier.” 

Much of the speculation on the role of secondary attractive minima in 
cell adhesion stems from the observation of Curtis (1960) that in many 
electron micrographs apparently empty spaces could be seen between 
opposing cell surfaces, which were separated by distances approximating to 
the positions of secondary minima. The relevant objections to this use of 
electron micrography include the fact that the “‘spaces’” can be shown by 
modern techniques (Revel & Karnovsky, 1967; Khan & Overton, 1969) to 
be filled with mucopolysaccharides, which appears to make close contact 
with opposing cell surfaces and to be associated with adhesion (Khan & 
Overton, 1969). In addition, more recent observations on a wide variety of 
biological systems have shown that contact of opposing surfaces occurs via 
fine cellular protections of varying types. In cases where secondary minima 
have been investigated experimentally, approximate total forces have been 
determined between erythrocytes of 5-10x10~7dyne (Brookes, Millar, 
Seaman & Vassar, 1967), and 10~°dyne between mastocytoma cells and 
glass (Weiss, 1968a). This latter value, which corresponds to approximately 
25kT, is in surprisingly good agreement with Curtis’ (1969) value of approx- 
imately 100kT between reaggregating embryonic cells, in which a cell to cell 
contact area of 300 um? was assumed. 

In the same series of experiments as those made on the mastocytoma 
cells (Weiss, 1968), another type of cell, RPMI No. 41, adhered to coverslips 
under similar cultural conditions. However, in contrast to the mastocytoma 
cells which were easily detached from the coverslips by forces of 107° dyne 
per cell, only 5% of the population of RPMI No. 41 cells were detached by 
the application of shearing pressures of 330 dyne cm’, which corresponded 
to 2-7 x 10-* dyne per cell. It is difficult to account for this difference in the 
adhesive stability between the two cell types by the argument that having 
reached the position of a secondary minimum with respect to the coverslip, 
the RPMI No. 41 cells flattened out parallel to it thereby increasing the 
adhesive forces, whereas the mastocytoma cells did not, because the masto- 
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cytoma cells were in fact more easily deformed than the RPMI No. 41 cells 
(Weiss, 19685). | 

Although their precise role is by no means clear (O’Neill & Follett, bas 
it is likely that projections having mean tip areas of approximately 1077um4 + 
are in some way associated with the formation of initial adhesive contactsy 
between cells and various other surfaces. The question arises of whethe | 
cells can adhere to a surface by locating the tips of such probes in a secondary} 
attractive minimum. By the use of the Hogg et al. (1966) equations for aq 
ball and plate, where a SOOA radius probe is considered as a ball with a 
surface potential of —32mV, and the coverslip is the plate with a surfaceq 
potential of —27mV, when Hamaker’s constant is ascribed the value off 
5x 1071 erg, the total interaction energy at the secondary minimum is} 
5-3x 10715 erg, which corresponds to 0-12kT per probe. In the case of flat- 
ended projections, energies equivalent to 0-27kT per probe are computed.. 
Some idea of the magnitudes of this type of interaction, on a per cell basis, , 
can possibly be obtained from electron microscopic observations which sho ! 
that although the densities of these probes varies with environmental con- 
ditions, they occur in densities as high as 20 per 100 um? of HeLa cell surface} 
(Fisher & Cooper, 1967), and 224 per fibroblast (O’Neil & Follett, 1970).1 
Gingell (1971) has calculated that for cells having an area of “adhesives 
contact” of about 50m?, an adhesive energy corresponding to SOkT, i.e. 
1kT pm~? would be sufficient for stability. Good (1971) calculates that total 
opposed areas of 1m? would result in secondary attractive minima of 
130kT. It could therefore be argued that the delay in the adhesive process} 
noted by us, is taken up by protusion and location of the probes, so that 
enough area of cell surface opposes the coverslip to confer stabilization off 
adhesion in the secondary minimum. | 

It should be emphasized that we are not disputing the existence of secondary} 
attractive minima. On theoretical considerations they are expected, and 
experimental work appears to have confirmed that they may be responsible} 
for cell adhesion, although their precise enumeration presents difficulties. || 
The key question is whether such minima can confer enough adhesive} 
stability on a system so that it can withstand distractive forces of the mag- || 
nitudes encountered in physiological situations. It should be noted that in|| 
the case of the mastocytoma/coverslip system (Weiss, 1968a) such adhesions }| 
were not stable in the sense that all of the cells could be detached from the} 
coverslip by a slight tap, or by application of a relative centrifugal force of'| 
approximately 10g. By the usual biological criteria, mastocytoma cells are 
in fact considered to be non-adhesive for glass. Therefore, as the various! 
reported estimates and observations on the magnitude of adhesive energies || 
and forces due to secondary attractive minima show remarkable similarity, : 
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we are of the opinion that such minima are unlikely to be of quantitative 
importance in maintaining adhesive stability against the background of cell 
and tissue movements. 

Computations based essentially on the average potentials at the cell and 
coverslip surfaces indicate an impenetrable electrostatic repulsion barrier to 
contact between them. However, adhesion can only occur in the primary or 
secondary minima. Therefore, as we have argued that the secondary minima 
is unlikely to confer sufficient adhesive energy on the cell/coverslip system, 
the primary minimum must be considered in relation to the 25 minute delay. 
Two main possibilities will be considered in accounting for this apparent 
“tunnelling”, which is necessary for adhesion in the primary minimum to 
occur. These are protrusion of low radius of curvature probes from the cell 
surface, and/or the extrusion of an intercellular “glue”. 


(A) PROTRUSION OF PROBES 


As emphasized by Bangham & Pethica (1960), the electrostatic repulsion 
between approaching regions of negatively charged cell surfaces is reduced 
when the radius of curvature of one or both surfaces is reduced. In a series 
of electron micrographic studies, Lesseps (1963) among others, correlated 
contact between cells, with the appearance of fine surface projections, and 
such projections, of 1000A diameter, have been described by many observers 
on a wide variety of cells. However, although probes reduce the electrostatic 
repulsion they do not abolish it. In a more detailed study of this type of 
situation (Weiss, 1971), it was concluded that for values of Hamaker’s 
constant over the range of 107 !* to 107 1° erg, contact was only energetically 
possible when the surface potential of one of the surfaces had a value of less 
than —SmV. In arriving at this estimate, no precise allowance was made for 
the forces-associated with active movements of either the cells or processes 
from them (Weiss, 1964). In addition, we have made no allowances for the 
possibility that positively charged groups are present at the cell surface. If 
small numbers of such cationic sites are present, and the experimental 
evidence for this is difficult to interpret (Weiss & Cudney, 1969), then quite 
obviously there will be no localized electrostatic barrier to cell contact at all, 
and adhesion will occur in primary minima. Unless the resultant of the 
various attractive, repulsive and propulsive forces is attractive, movement of 
a probe towards a surface cannot occur. It was suggested on reviewing a 
variety of evidence (Weiss, 1971), that areas of lower than average charge 
density might well be present at the cell surface, and that the tips of the 
probes could seek out such regions. Recent work, using electron dense, 
positively charged particles (Weiss & Zeigel, 1971) has in fact revealed a 
heterogeneity in the distribution of the charges at the surfaces of EAT cells 
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(Weiss & Zeigel, 1972; Weiss, Jung & Zeigel, 1972) which is compatible} 
with the earlier suggestion. Thus, it is distinctly possible that contact in aj} 
primary minimum could be made between small areas of EAT cells and the} 
coverslips. | 

The immediate question is whether under the defined conditions the delay) 
in adhesion can be attributed to the time taken for a probe to travel from the} 
positions of the secondary to the primary minima. | 

It-must be emphasized that our treatment of this part of the problem is} 
only intended to illustrate the point that it is feasible to account for the delay 
in adhesion in terms of “viscosity”. In the present context, “viscosity” is an} 
empirical term, which includes not only the interactions of the components} 
of the medium with themselves, but also their interactions with the cell and]} 
cover-slip surfaces. Over such small distances, deviations from surface features; 
of molecular dimensions will for example, impede the displacement of the: 
medium. The fact that the surfaces are charged will complicate the situation|| 
in terms of electroviscosity and electrostriction. Water molecules, macro-} 
molecules and other species will be “bound” to the surfaces and may be) 
considered as a part of them. Therefore, the question of whether such 
materials need be displaced before contact in a primary minimum occurs} 
between the surfaces, becomes increasingly meaningless in such simple terms} 
as the distance of separation decreases. Some of the problems are reviewed | 
by Silverberg (1971). The possible importance of viscosity in relation to cell | 
contact has been largely overlooked apart from Curtis (1962), who analyzed jf 
the rate of sedimentation of cells to glass surfaces in vitro in terms of Stokes’! 
equation, as a single step process, in relation to the “drainage” or displace-| 
ment of medium. However, this use of Stokes’ equation is irrevelant to} 
drainage, and apart from other simplifications, the cell is considered as an 
inert sphere. 

With the “‘microscopic”’ limitations in mind, we can examine the possible} 
significance of the time taken for a cellular probe to move, relative to aij 
coverslip, from the position of a secondary attractive minimum to that of} 
the primary attractive minimum, in a “macroscopic” approach using} 


constant applied force, Eo» then 
6nna 6mya 
Fins ss wees ) A dh = Fo A: (5) }} 


where A = 1:72x10°>*cm, » = 7:29x107~* poise, a = 5x107%cm, and] 
t = 1630sec, F,,, = 7-24x 107-13 dyne. If the time taken were 163sec, the|| 
applied force would be 7:24 x 10~? dyne. If the viscosity of the environment 
between the probe and the coverslip approached that of structured water || 
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(0-39 poise, Schultz & Asunmaa, 1970), then the applied force would be 
3-88 x 107 *''dyne. Therefore, if the time taken for second part of the 
adhesive process corresponds to time taken for a probe to travel between 
the primary and secondary minima, the probe must be extended with an 
applied force F,,,, of 10 ‘1-107 +3 dyne. 

It has been shown (Weiss, 1968c), that in order to suck out a hemispherical 
bulge from an EAT cell, a negative pressure of approximately 6cmH,O 
must be applied, which corresponds to a pressure of 5-8 x 10°? dynecm ~?. If 
it is assumed that pressures of this order correspond to intracellular pro- 
trusion pressures, then a 500A diameter probe would be protruded from a 
cell with a force, F,, of approximately 4-6 x 1077’ dyne. For the probe to 
move towards the coverslip, this force, must be greater than the interaction 
force F;, resulting from the forces of electrostatic repulsion, Fp, and electro- 
dynamic attraction, F,, between the cell and coverslip. In order to account 
for the delay of 1630sec, where F,,, = 1-72x 107 '* dyne, then F,—Fy = 
1-2x107'*dyne. As F, = 4-6 x 107’ dyne, 

F, = (4:6 x 107 7)—(1:72 x 107 !3 dyne) 
= 46x 1077 dyne. 
It can be appreciated, that as F, > F, 
not critical. 

According to the formulae given by Hogg et al. (1966), where Fy = 

F, R a Py As 


pp» the precise enumeration of F,,, is 


r, Ka [Pits (1-2) Hs 
ety ee (KH)+1  exp(KH)-1\’ 

F, = — Aa/6H?. (7) 
Computations revealed that a peak value of F; = 4-6 x 10~7dyne could be 
obtained when the probe and glass surfaces were separated by 10A (H), 
using the following values in equations (6) and (7): e = 20 (allowing for 
dipole immobilization in structured water), 1/K = 8A, a = 500A, yy, = 
—27mV (coverslip), Ww. = —12-5mV (probe), 4 = 5x 107° erg (Weiss, 
1968a). 

There is nothing unique in the numerical values ascribed to the various 
parameters, which are compatible with experimental data. However, within 
the well-known limitations of DLVO-theory, an explanation can be offered 
for the time taken for cell processes to form adhesions with protein-coated 
coverslips. 

Very recent experiments have shown that cytochalasins, which inhibit the 
contractile microfilament system responsible for many types of active cell 
movements, partially inhibit the adhesion of EAT cells to coverslips, under 
the conditions used here (Weiss, 1972). 
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Another possible source of the 1630sec delay in adhesion, is that it is in}| 
some way associated with the extrusion of a “glue” which bonds the cell to}} 
the coverslip. By “glue” we mean an agent which is capable of pees |) 
bonds with both of the interacting surfaces. Such materials may well cor- |] 
respond to the microexudates postulated by Paul Weiss (1945), and demon- | 
strated with ellipsometric techniques by Rosenberg (1960) and Poste &| 
Greenham (1970). The release of proteinaceous exudates has been weet | 
with the adhesion of EAT cells to coverslips by Maslow & Weiss (1972), | 
and such material has been demonstrated at the surfaces of adhere I 
embryonic cells in vitro by electron micrography (Khan & Overton, 1969).|| 
It is of interest that the release of basic proteins from cells, which absorbs 4 
them and modifies their electrokinetic surfaces, has been demonstrated by) 
Weiss & Cudney (1969). Such material would have one of the major physico- 
chemical attributes of a “‘glue’’, namely the ability to form molecular contact 
with the potential adherends, as is well demonstrated, for example by 
polylysine. 

It seems improbable that the delay represents the time taken for the}} 
“glue” to diffuse from cell to coverslip because the analogous diffusion of 
neuro-transmitters across synaptic junctions takes only milliseconds or less. | 
Therefore, if the “glue” hypothesis is correct the delay is probably associated 
with its synthesis and/or release. For purposes of the present discussion it is 
unnecessary to examine details of these mechanisms or the additional pos- |} 
sibility of inactivation of an anti-adhesion factor. \ 

Protrusion of cellular probes and the extrusion of “‘glue”’ are not mutually |} 
exclusive mechanisms. A salient point of this communication is the suggestion |} 
that when a cell approaches a surface the physicochemical properties of the }} 
cell surface may well be different at different distances of separation. Although | 
some of these differences, such as change in surface potential, may be pre-|} 
dictable on purely theoretical grounds, other differences which may be of 
considerable importance, such as changes in shape, extrusion of “glues”, 
and/or inactivation of adhesion inhibitors, are not. 


(B) INTERCELLULAR “‘GLUE” || 
; 


ee 
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Molecular orbital theory in the CNDO framework has been used to 
calculate the torsional angles which lead to minimum energy conforma- 
tions in acetylcholine. The calculated angles agree well with the experi- 
mental observations on acetylcholine and its derivatives. The results have 
been compared with the earlier predictions based on extended Hiickel 
theory and van der Waal pairwise interactions. 


1. Introduction 


Acetylcholine (AcCh) is a natural transmitter which is responsible for 
intercellular communication at the muscarinic nervous junction. Recent 
attempts to correlate the structure of cholinergic agonists and their biological 
activity have indicated a profound conformational dependence (see for 
example, Beers & Reich, 1970; Baker, Chothia, Pauling & Petcher, 1971). 
In most of the cases the conformational structure has been determined in 
the solid state by using X-ray diffraction technique. To some extent, n.m.r. 
and theoretical methods have also been used (Baker et al., 1971). 

Several low energy conformations are possible for AcCh and its derivatives 
(Canepa, Pauling & Sérum, 1966; Herdklotz & Saas, 1970; Chothia & 
Pauling, 1968; Liquori, Damiani & De Coen, 1968). If the interatomic bond 
distances and bond angles (primary structure of AcCh) are assumed to be 
fixed, and the possible reorientations of the methyl group are neglected, then 
the complete structure of AcCh can be described in terms of the four con- 
formational angles t,, t,, 3 and t, (Fig. 1). In defining the sense of these 
conformational angles, we have followed the convention of Baker et al. 
(1971). The angles are measured relative to the fully folded structure. Energy 
contour maps, calculated on the basis of van der Waal pairwise interactions 
between non-bonded atoms and 3-fold torsional potentials yield four low 
energy conformations, (Liquori et al., 1968). Calculated differences between 
these conformations are less than 0-7 kcal mol~* and on this basis it would 
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Fic. 1. Primary structure of acetylcholine. Interatomic distances are in A. All C-H i| 
distances have been taken as 1-0 A and HCH angles as 109-47°. 


appear that at room temperature, all of them should exist in measurable 
proportions. On the other hand, molecular orbital calculations in the 
extended Hiickel framework (EHT) predict only one stable configuration 
(Kier, 1967). Although, the structure predicted by EHT is in good agreement 
with the actual conformation of AcCh observed both in solutions (Culvenor 
& Ham, 1966) and solid state (Herdklotz & Saas, 1970), some of the other 
stable structures predicted by classical methods, have been found in derivatives 
of AcCh. 

EHT is a fairly empirical method and although it is fairly useful in the | 
prediction of stable conformations, it tends to overestimate the barrier } 
heights and energy differences between various conformers. Because of the 
importance of AcCh and its derivatives in biology, we thought it worthwhile } 
to calculate the stable conformations of AcCh by the more rigorous molecular |} 
orbital approach, using CNDO (Complete Neglect of Differential Overlap) 
(Pople & Segal, 1966). 


2. Results and Discussion 


The primary structure of AcCh used in these investigations is based on the | 
X-ray diffraction results of Herdklotz & Saas (1970). The bond distances and | 
bond angles shown in Fig. 1 were fed to a computer program which calculates 
the cartesian coordinates as a function of dihedral angles. These were || 
written on a magnetic tape which served as input for the CNDO calculations. || 
The parameters and the program used in CNDO calculations is basically || 
similar to QCPE 142, with certain modifications, aimed at an efficient use of 
the limited capacity (32 K memory core) of our computer. 

The potential energy curves in Fig. 2 have been obtained by varying each | 
angle in turn, keeping the others at suitable chosen values. The potential | 
energy curve for t, shows minima at 60, 180 and 300°. Because of the three- / 

| 
| 
| 


fold symmetry of the — N(CH;), group the three conformations are identical. 
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Fic. 2. Potential energy curves as a function of the torsional angles, t1, t2, t3 and Ts. 
The values of the angles which are not varied are chosen so as to correspond to those in the 
most stable conformation, namely, t, = 180°, tz = 60°, tz = 180°. Since the curves are 
expected to show a mirror symmetry around 180°, only the 0-180° region has been calculated 
and plotted. 


The potential energy curve for t, shows minima at 60°, 180° and 300°. The 
points t, = 60° and t, = 300° are identical. The energy corresponding to 
T, = 60° is lower by about 2-5kcalmol~* compared to t, = 180°. Calcula- 
tions based on classical methods also predict minima in both these regions 
(Liquori et al., 1968). Surprisingly, the earlier EHT calculations by Kier 
(1967) did not show a minimum around 1, = 180°. We therefore repeated 
the EHT calculations and found that a minimum in this region indeed exists. 
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The earlier worker missed this, presumably because he calculated the energy | 
at intervals of 60° nee The fact that ie a 180° corresponds to a local | 


1971). | 

The curve for t3 shows a fairly shallow minimum around 13; = 180°, with | | 
another minimum around 60°. In fact the whole region between e = 60° and | 
t, = 300° shows an energy variation of less than 1 kcal mol~*. It is not | 
surprising, therefore, that there is a considerable scatter in the observed | 
values for t, for derivatives of AcCh (Baker et al., 1971). | 

The curve for t, also shows a minimum at t, = 180°. This value for Tq | 
is indeed observed for AcCh and many of its derivatives (Baker et al., 1971). | 
It is significant to note that EHT predicts an almost flat curve in the range | ) 
from 120° to 240° (Kier, 1967). | 

On the basis of the potential energy curves discussed above, one arrives |} 
at four energy minima in the conformational space (t,, T2, T3, T4) for AcCh. |} 
These energy minima correspond to the points (180°, 180°, 180°, 180°), 
(180°, 60°, 180°, 180°), (180°, 180°, 60°, 180°) and (180°, 60°, 60°, 180°), 
hereafter referred to as I, II, III and IV respectively. The CNDO predictions |} 
are, therefore, similar to those arrived at by classical methods, although the || 
actual values of relative energies are slightly different. Table 1 lists the relative 
energies for the four conformational forms. For comparison, energies as 
calculated by EHT have also been included, although it must be remembered |} 
that the theory does not predict a minimum for t, = 60°. 


] 
| 


TABLE | 


Relative energies (in kcal mol~'*) of the four minima in the conformational map | 
in acetylcholine 


Classical methods 


Structure (Liquori et al., 1968) EHT CNDO 
I 0:0 0:0 0:0 
II 0:35 —2:2 —2°5 
Il 0:28 2:2 —0:3 
IV 0:69 —0-2 —1-6 


It is seen that both MO methods predict structure II to be the most stable | 
form. The energy of this structure is at least 1 kcal mol~! below that of other | 
conformers as predicted by CNDO and 2kcalmol~! as predicted by EHT. | 
These results are significantly different from those obtained by classical | 
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methods which predicts structure I as the most stable conformation for 
AcCh. For the stable conformation of AcCh itself, the experimental measure- 


ments are in agreement with the predictions based on EHT and CNDO 
theories. 


Since the submission of this article for publication, calculations based on 
INDO (Beveridge & Radna, 1971) and PCILO (Pullman, Couriere & 
Coubeils, 1971) have come to our notice. These results are in general agree- 
ment with the results based on CNDO. 


The authors are grateful to Professor C. R. Kanekar for constant encouragement. 
One of us (A.S.) would like to thank C.S.I.R., Government of India, for financial 
support. 
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The problem of molecular asymmetry in living organisms is resumed 
as all the previously suggested solutions seem to be unsatisfactory. The 
proposed idea is that the resolution between opposite enantiomers occurred 
at the biological level and the definitive choice was a consequence of 
genetic exchange. 

The differential equations for the kinetics of two mixed enantiomeric 
populations are solved and no stable dynamical equilibrium is found, 
except when one of the two populations is extinguished. 

The theory explains all the observed facts, such as the presence in 
several organisms of asymmetric substances of the “‘wrong’’ type and is in 
agreement with Ponnamperuma’s recent finding of racemic amino acids 
in the Murchison meteorite. 


A few months ago, in examining a very old meteorite, Ponnamperuma 
(Kvenvolden ef al., 1970) found in it several different types of amino acids, 
already known among the ordinary components of natural proteins. While 
amino acids in proteins are always of the L form, those in the meteorite are 
racemic. This important finding of Ponnamperuma calls new attention to 
the old problem of molecular asymmetry in biology. 

Since the well-known experiments and speculations of Pasteur (1860, 1884) 
the problem was investigated without great success by many scientists in the 
past. Polarized sunlight (van’t Hoff, 1894; Cotton, 1896; Drude, 1900; Kuhn 
& Braun, 1929; Kuhn & Knopf, 1930a,b; Mitchell, 1930; Karagunis & 
Drikos, 1934; Byk, 1904), surface effects on asymmetric crystals (Schwab, 
Rost & Rudolph, 1934; Goldschmidt, 1952; Seifert, 1956), crystallization 
(Landolt, 1896; Jungfleish, 1884; Kipping & Pope, 1898; Havinga, 1941, 
1954; Schlenk, 1955; Morowitz, 1969), non-conservation of parity in weak 
interactions (Vester, Ulbricht & Krauch, 1959; Ulbricht, 1959; Ulbricht & 
Vester, 1962; Yamagata, 1966; Garay, 1968) were in turn considered as 
possible causes of resolution between the two optical isomers, A valuable 
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discussion and review of the older literature is given by Gause (1941) and | | 
also Oparin (1957) and Bernal (1965). | 
By far the most interesting theories are however those based on the idea | 
of reflexive catalysis (Yéas, 1955; Allen, 1957; Anker, 1961) or stereospecific | i| 
catalysis (Calvin, 1969; Allen & Gillard, 1967; Collman & Kimura, 1967). | 
Here the symmetric state is essentially unstable in a system in which molecular | 
asymmetric products are synthesized from symmetric or racemic reagents. | 
The relevant kinetics were studied by Frank (1953) and recently by Seelig | 
(1971). In both cases, the type of products of the first reacting molecules—of | | 
the p or of the L form, according to chance—is decisive, in that it directs | 
the whole process towards one or the other form of products. Both processes | 
seem to offer very efficient techniques to produce separate enantiomers in | 
limited reaction vessels. However, in the primitive ocean the same reactions | 
must have occurred at the same time in different places far away from each — 
other; thus, one cannot understand what else but the usual racemic mixtures 
might on the whole have been produced, and perpetuated in this way. 
Another interesting suggestion is that by Wald (1957), who has shown 
that for steric reasons highly polymeric molecules made of asymmetric 
monomers, such as proteins, must have been synthesized in the primitive 
oceanic soup in two types, having either all the monomers of the D type, or | 
all the monomers of the L type. Two “enantiomeric” populations, possessing — 
mirror symmetric macromolecules, must then have evolved together at the 
surface of the earth. One of the two, however, must eventually have gained, 
by chance, some unspecified evolutionary advantage over the other so that 
natural selection could make accordingly the decisive choice all over the | 
world. | 
In this paper a new hypothesis is presented concerning the origin of the | 
molecular asymmetry in living beings. It combines the properties of the auto- |} 
catalytic processes, which tend to reproduce locally the already present | 
enantiomer and to discriminate against the local production of new quantities |} 
of the other, with those of the evolving systems in which the existing types | 
interact directly and their interaction causes one of the two to disappear. 
Our starting point is the idea that life on the earth has not arisen as a | 
single particular event. We assume that life had been evolving from inorganic | 
matter for a very long time, at the end of which really living organisms must || 
have appeared in many places on the earth surface almost at the same time. | 
According to Wald, only two forms of each type of macromolecules could be | 
synthesized in the ocean during the period of chemical evolution towards | 
the appearance of life, each being the mirror image of the other. Thus we can _ 
assume that the first “biological” entities have been racemic, in the sense | 
that every chemical reaction in them involved both the enantiomeric forms | 
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of each molecular asymmetric substance and gave racemic products. In a 
racemic organism, two systems of reactions would be coexisting and a single 
mutation in one system could make that system inoperative leaving the other 
intact. This fact must represent an advantage from the point of view of 
evolution, because it reduces requirements of materials for growth, and 
shortens the time needed for development. This does not exclude however 
that the resolution between the two enantiomeric systems of reaction may 
also have occurred before, locally, in any autocatalytic system (Calvin, 1969), 
but if it had failed to occur at the chemical level it would appear at this 
point. 

In any case we are brought to think, as Wald (1957) already did, about 
two enantiomeric populations of the same kind which at a given point mix 
together in the same region of the earth surface, and appear from the outside 
as only one and the same population. 

One can easily see, now, that sexually reproducing species of this type 
would be resolved by genetic exchange. The reason is that any organism 
would be indistinguishable from the outside from its enantiomeric partner 
and mating between individuals of opposite symmetries would be sterile, 
hybrids being obviously not viable. 

Let us examine the problem more carefully, by writing down the differential 
equations for the time rate of two enantiomeric populations mixed together 
on the same area and sufficiently scattered not to have nutritional problems 
(we shall re-examine this point later on). Let y,;, and y, be the numbers of 
individuals of one sex (female for instance) of each population. The equations 
are 

dys _ 


wy) pechalistaaenyy igh 
af) Spey 
dy, y3 
La hie. 1 
dt Wit). y2 (1) 


where k is the birth-rate coefficient, 2 the death-rate coefficient and it was 
taken into account that only a fraction y,/y,;+y2 Or Y2/y¥,;+ 2 of the total 
number of mating is fertile. The solution is 


y= 4{[ A? e2-4t 4 AB ek 241/21 4 Cds 


Yo = F{[A? 024-44 4B el 2471/2 — 4 et} (2) 
where one may assume 
A = Y1o—Y20 2 9, B = Yio Y20 > 9, (3) 


without any loss in generality. 
Obviously one cannot attach too much importance to the form of these 
differential equations. It depends essentially on the assumed schematism, 
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which is suggested also by requirements of mathematical simplicity and is || 
always questionable from a biological point of view. We have, for instance, | 
implicitly assumed that a non-fertile pairing must keep a female out of other | | 
pairings for the same time as a fertile one and this, of course, may well be | i) 
untrue. Thus only the qualitative behaviour of the solutions is to be con- |} 
sidered, as far as it does not depend critically on the accepted schematism. 


large values of the time, not taking into account the special case A = 0, | 1) 
which is exceptional in practice and cannot last long because of random | 
fluctuations. This trend depends on the relative values of the birth-rate co- | 
efficient k and of the death-rate coefficient 2. The cases to be considered are: | 


(i) k < A. All the exponential functions in equations (2) go to zero as | 
time goes to infinity. Both populations are bound to disappear because of | 
the death-rate, too large in comparison with the birth-rate; 

(ii) A<k <2A. Only exp [(kK—2A)t] goes to zero as time goes to. 
infinity, while the other exponential function, exp [(k—A)t], diverges. | 
The smaller population is bound to disappear, while the other increases | 
without a limit; | 

(iii) 22<k. Both exponential functions in equations (2) diverge. | 
Neither population is bound to disappear, even if the difference between 
the two is always increased as time goes on. . 


A situation in which a population increases without any limit is, however, | 
unrealistic. This result follows from the assumption that k and / are constant, | 
independent of time and population density. In fact, k and 4 are not really | 
constants. If at the beginning 2A < k, when the population density rises over | | 
a given value, k begins to decrease and 4 to increase till the condition | 
1 <k <24A is gradually reached; thus we must conclude that the smaller | 
population is always bound to disappear, while the larger one asymptotically | 
reaches a constant value, for which k = 2. | 

Obviously, one could obtain the same result by modifying the differential 
equations (1) in order to take into account the restrictions put by the environ- | 
ment. It would require, however, less simple mathematics. | 

In conclusion, sexually reproducing enantiomeric populations would be || 
resolved, as already stated, by genetic exchange. As it was clearly shown by | 
Wald (1957), one and the same type of symmetry must have eventually | 
imposed itself all over the world. Exchanges of materials do occur contin- | 
uously between different species owing to the fact that several types of | 
organisms feed on each other along very complex alimentary chains. “Cross- | 
feeding” obviously helps spreading out of the same type of symmetry from | 
species to species. The clonally reproducing bacteria are not bound to follow | 
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the kinetics expressed by our equations. They feed however on the remains 
of more complex organisms; out of two enantiomeric bacterial populations, 
the one able to feed on the asymmetric remains of the prevailing sexual 
organisms would be favoured while the other would eventually die out. 

Chemo- and photo-autotroph organisms of today have the same isomers 
as we have. However, their metabolic pathways are as complex as ours, 
and it does not seem probable that they are very ancient primitive forms. 
Perhaps their autotrophism is the result of a late adaptation. 

Our hypothesis seems also to be the only one able to explain the fact that, 
in several instances, the enantiomers of the “wrong’’ type are not completely 
absent in nature. They are used (so to speak) for secondary purposes not 
involving the fundamental mechanism concerning nucleic acids and proteins. 
A typical example is offered by D-amino acids, which play an important 
role in bacteria as components of the cell wall (Bentley, 1969). 

Even Ponnamperuma’s recent finding that amino acids in meteorites are 
racemic mixtures seems to be in agreement with our point of view. On the 
contrary, if the optical asymmetry were attributed to physical or chemical 
prebiological processes, these facts could hardly be explained. 


I would like to thank Professor G. Montalenti for his interest in this work and for 
very helpful discussions, and Professor M. Y¢as for many valuable suggestions and 
comments. 
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LETTERS TO THE EDITOR 
An Entry into the Debate on Generalized Complementarity 


Since no response has appeared yet in this journal and in the hope that the 
interaction viewpoint might clarify some of the points which Markowitz 
(Markowitz, 1971) has raised about generalized complementarity, I should 
like to add to the present manuscript (Jakobsson, 1972) this direct response 
to Markowitz’s letter. I will deal briefly with each of the three aspects of 
generalized complementarity to which Markowitz specifically objects. In 
each case the argument will be made in terms of the interaction viewpoint, 
i.e. by considering the results of experiments on systems rather than the 
systems themselves. 

Firstly, Markowitz deals with the statement of generalized complementarity 
that biology treats individuals and not, as physics does, classes. He counters 
with the example of solid state physics, pointing out that no two systems 
larger than a molecule are microscopically identical. But the important 
point is that it is the province of the solid state physicist to ask just those 
questions about a solid which will permit an answer in terms of classes, i.e. 
what is the conductivity or what kind of X-ray diffraction pattern does one 
get from a sample of material. Those aspects in which samples of the same 
material might be different from each other, such as size, shape, or precise 
(as opposed to statistical) distribution of impurities are not of interest to the 
physicist. On the other hand, the biologist (especially if one categorizes 
psychologists as biologists) often asks of his material questions from which 
he gets different answers from different samples of the same class, and he is 
often interested in the difference. 

This brings us directly to the second point which Markowitz criticizes, 
namely the dualism in generalized complementarity between the biochemical 
or biophysical description of a system on the one hand and the description 
of a system as having probabilistic or autonomous behavior on the other 
hand. Markowitz says that these two modes of description are not com- 
plementary but merely different, in the sense that physics and engineering 
descriptions of a machine are different. Again, I will invoke hypothetical 
experimental results to clarify this point. A key element in the definition of 
complementarity is that the two complementary modes of description are 
never appropriate for describing the results of the same experiment. For 
example, in some experimental situations light may be described as a classical 
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wave, and in other experiments as a classical particle, but in no single | 
observation can it be described simultaneously as a classical wave and a | 
classical particle. The two modes of description of biological systems are || 
complementary in just this way. To the extent that the experimenter in | 
biology achieves the same results from different specimens of the same class, | 
the biochemical or biophysical description is appropriate; to the extent that | 
he gets different results the probabilistic or autonomous description applies. | 
For example, if Markowitz and I and any number of other physicists are | 
given identical fairly large injections of sodium pentathol, we will all fall 
asleep. In this experiment, biochemistry provides quite an adequate des- | 
cription of physicists. On the other hand, if this same goup of specimens is | 
placed in separate identical rooms, given identical writing materials and | 
access to identical references, and instructed to write on the philosophy of | 
science, I submit we will produce results not only quite different from each | 
other but also only probabilistically (if at all) predictable to the experimenter. | 
The simplest accurate description of our behavior would be in terms of | 
autonomy, i.e. the choices we had made. These two modes of description are | 
derivable from two “incompatible” views of man: (i) as responding to } 
stimuli in a totally determined, predictable way; (ii) as capable of making | 
choices. As Markowitz points out, engineering and physics descriptions of a | 
machine are not dual in this way, since they may both apply to the same. 
machine simultaneously. 

The third and last point to which Markowitz speaks is the sparseness of } 
attainable points in the multidimensional phase space in which complex |} 
systems reside. He points out that in superconducting materials only a tiny) 
fraction of the excited states in the system are in the uniformly comoving | 
pairs which give rise to the most interesting behavior of the specimen, and ]} 
yet superconductivity is entirely a predictable phenomenon. But if we again | 
think of possible experiments on the system, we see that in the case of the } 
superconductor the experiment is easily made large enough to permit | 
simultaneous observation of an effectively infinite number of comoving j} 
pairs, ie. the comoving pairs are densely enough packed for an effectively || 
infinite number to fit in the experimental apparatus. Identical physicists (of } 
which there are one) on the other hand, while much more common as a, 
fraction of the human race than comoving pairs in a superconductor, 


(Se Physicists 1 #comoving pairs 
a Sec nares Gee 
#Persons 3x 10° #broken pairs 


are more sparse when one tries to gather an infinite sample of them to}} 
experiment on. i} 
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An Explicit Hypothesis for Chemical Carcinogenesis 


A number of plausible generalized hypotheses have been proposed to 
explain carcinogenesis by chemicals (Miller, 1970; Eyring, Stover & Brown, 
1971; Farber, 1970). These hypotheses implicate unspecified alterations in 
DNAs, RNAs, or in proteins, which result in metastable heritable changes. 
However, conclusive proof has not been forthcoming for any of these ideas 
because they have not been sufficiently explicit for experimental test. We 
would like to describe now an explicit form of the somatic mutation theory 
which has testable consequences at the molecular level of structure and for 
which some experimental and circumstantial evidence already exists. This 
hypothesis appears to provide mechanisms for progressive dedifferentiation, 
anaplasia, and metastatic invasiveness of cancer cells, and possibly for their 
heightened growth rates. 

Our central supposition is that the determinant in initiation of cancer is 
an unrepaired mutation of that part of the genome coding for replicative 
specificity of the genome-duplicating DNA polymerase, and its expression 
as replicatively-defective DNA polymerase. This mutation could arise either 
by direct reaction with an ultimate carcinogen, or indirectly if the ultimate 
carcinogen reacts first with any information-handling substance or its parent 
cistron in such a way as to produce a defect in the information-handling systemt 
which could lead to a replicatively-defective DNA polymerase. It follows that 
once such a mutation in DNA polymerase has occurred, unrepaired, the 
enzyme would be defective in replicative specificity for Watson-Crick base 
pairing. Sucha polymerase would itself be mutagenic and would introduce base- 
pairing errors into the genome at each successive replication and at some rate 
and base-pair locus determined by the extent of structural change in the enzyme. 

The general consequences of reduced specificity of information-handling 
enzymes have been pointed out by Orgel (1963, 1970). He showed that such 
defects could lead to an increasing defect frequency, and that in the absence 
of an imposed selection for “accurate” protein-synthesizing units, could 
lead ultimately to an error catastrophe. We wish to point out that con- 
sequences specifically relatable to cancer could flow from a mutation which 
results in reduced replicative specificity of the genome-duplicating DNA 


} For example, DNA-dependent RNA polymerase, aminoacyl-tRNA synthetases, 
mRNA for information-handling proteins, tRNA anticodons, tRNA-synthetase binding 
site, DNA-dependent DNA polymerase, or, if a different enzyme, the genome-duplicating 
DNA polymerase. 
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polymerase. (i) All portions of the genome (as reflected in the structures of 
DNAs, RNAs, enzymes, and structural and other proteins) would mutate | 


more or less randomly at rates higher than normal. (ii) The mutation rates 
would be a function of the rates of genome duplication. (iii) Many of the 


mutations would be lethal, or sublethal but disadvantageous. They would be if 


selected against by other mutations which would lead to relative cellular 
autonomy, i.e. to freedom from specific nutritional, environmental, and 


regulatory restrictions on growth, and to metastatic invasiveness. The | 


randomness of such mutations would, therefore, not be clearly apparent in 


surviving (cancerous) cells and tissues. (iv) Stabilization of neoplastic cell | 


lines could occur by two mechanisms: (a) back mutation of the mutant gene 
controlling replicative specificity, or (b) cells reaching a neoplastic state such 
that the division rate was higher than the mutation rate and all further | 
mutation was lethal. (v) Cistrons coding for repressors would mutate, and 
the defective repressors would permit derepression of previously unexpressed 
genome, e.g. fetal proteins. This, together with mutations of specialized 
enzymes and other proteins of the original mature phenotype (Ove, Lazlo, 
Jenkins & Morris, 1969), would give the over-all character of dedifferentiation 


to the process. (vi) The rate-limiting steps controlling generation times of | 


cells are not known but, in any case, derepression of genome coupled with 


the formation of mutant anabolic and catabolic enzymes, aided by selective | 
pressures towards rapid growth such as described above (Orgel, 1963) would | 


lead to more rapid accumulation of cellular components required for height- 
ened growth rates. Becker (1971) points out that the functionless appearance 


of many tumors may result from replacement of original cells by overgrowth | 
of less differentiated populations, which have some selective growth | 
advantage. (vii) The mutations of enzymes and other structures related to | 
membrane formation would cause failures in membrane biosynthesis, in | 


membrane structures, in the regulation of membrane formation, and in 
membrane specializations—that is, anaplasia. (viii) The mutation of enzymes 
which support the formation of compounds determining cellular adhesive- 
ness, or the derepression of the enzymes which degrade these substances, 
together with selective pressures toward primitive nutritional, environmental, 
and regulatory requirements, would give rise to the property of metastatic 
invasiveness. (ix) The essential process of carcinogenesis by chemicals which 
is envisaged by this hypothesis would require only one primary unrepaired 
mutation (of replicative specificity of the genome-duplicating DNA poly- 
merase) and a limited number of additional mutations. 

We suppose that oncogenic DNA- and RNA-containing viruses may have 
the same primary effect upon the genomes of receptor cells that we postulate 
for oncogenic chemicals. 
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Altered DNA-dependent DNA polymerases have been observed in tumor 
cells (Roychoudhury & Bloch, 1969; Ove, Lazlo, Jenkins & Morris, 1969; 
Lazlo, Miller, Brown & Baril, 1970; Ove, Brown & Lazlo, 1969), but it is 
uncertain that these enzymes are mutant, or in fact, that they are the genome- 
duplicating DNA polymerases. But it has been observed that mutations in a 
DNA polymerase structural gene of E. coli markedly increased the frequency 
of chromosomal deletions (Coukell & Yanofsky, 1970), and that the mutation 
of DNA polymerase in bacteriophage T4 affects base selection in DNA 
replication (Speyer, Karam & Lenny, 1966). Our ancillary supposition, that 
the random mutations which follow the primary alteration lead to cancer 
phenotypes, has more, albeit preliminary, experimental support. For example, 
the cells in some cancer tissues are more pleomorphic than the normal 
parent tissues. Their lack of phenotypic homogeneity may reflect the random 
quality of the mutations in the surviving cancerous cells. In respect to 
specific mutations, hepatomas have been shown to contain variant alkaline 
phosphatase (Warnock & Reisman, 1969), a form of pyruvate kinase which 
is clearly distinct from both muscle and liver types (Taylor, Morris & Weber, 
1969), ferritins different in electrophoretic mobility from those in normal 
hepatocytes (Richter & Lee, 1970), and transfer RNAs and nuclear and 
nucleolar RNAs different than those in normal liver (Goldman, Johnson & 
Griffin, 1969; Busch et al., 1968; Wikman, Howard & Busch, 1970). Human 
pheochromocrytoma contains a tyrosine hydroxylase which appears to be 
deficient in respect to inhibition by norepinephrine (Nagatsu, Yamamoto 
& Nagatsu, 1970). Furthermore, in respect to dedifferentiation, fetal proteins 
have been observed in hepatomas (Hull, Carbone, Gitlin, O'Gara & Kelly, 
1969), gastric cancers (Abelev, Assecritova, Kraevsky, Perova & Perevodchi- 
kova, 1967), and various forms of leukemia (Ozsoylu & Balci, 1970). Our 
hypothesis is consistent with the two-stage theory of carcinogenesis in that 
an initiator and a promotor could be involved in some cases. We suggest 
that the initiator, or ultimate carcinogen, brings about the primary mutation 
of the genome, and that the promotor accelerates the cell divisions which 
are required to express the primary mutation as cancer. Our hypothesis does 
make certain predictions which can be tested experimentally: since carcino- 
gens may bring about mutation in that part of genome of normal somatic 
cells which codes for replicative specificity of the genome-duplicating DNA 
polymerase, the consequent mutation should be reflected in the amino acid 
composition and sequence, and the replicative specificity of the polymerase. 


This paper arose in part from research and study supported by The American 
Cancer Society (E-225), the United States Public Health Service (AM 07180), and 
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A Macroscopic View of Sodium Exchange Diffusion 


Sodium exchange diffusion refers to the potassium-independent extrusion of 
intracellular sodium ions (Na;‘) across biological membranes that occurs 
in exchange for inward transport of extracellular sodium ions (Na;) 
(Ussing, 1949; Keynes & Swan, 1959). Studies of the reaction mechanism of 
Na* exchange diffusion and of Na*-K* pumping have revealed many sug- 
gestive properties, including the sensitivity of both processes to cardiac 
glycosides, which have led to the belief that both phenomena reflect the 
activity of a single common mechanism, the behavior of which is dependent 
on the experimental conditions (e.g. Garrahan & Glynn, 1967a,b,c,d; 
Caldwell, 1968). However, it is possible to “predict” Na* exchange diffusion 
from the macroscopic properties of the Na*-K* pump, i.e. from considera- 
ticns that are essentially independent of the specific reaction mechanism. 
Consider an idealized cell with a resting membrane potential of 80 millivolts, 
a transmembrane Na®* diffusion potential of 60 millivolts, and a membrane 
ATPase that extrudes Na* with a stoichiometry of 3 Na* per ATP molecule 
hydrolysed (Baker & Shaw, 1965). One mole of ATP thus confers 420 
millivolts of electrochemical free energy to Na* during extrusion. This is 
equivalent to approximately 10 kcal of free energy delivered to Na* per mole 
of ATP hydrolysed. Although the free energy of ATP hydrolysis in vivo is 
not known exactly it is probably of the order of 10 kcal/mole (Caldwell, 1968). 
Therefore it appears plausible to assume that the Na*-K* pump operates 
very close to thermodynamic equilibrium, that is, with a thermodynamic 
efficiency approaching 100%. The departure from equilibrium will be deter- 
mined by the rate of passive Na; diffusion down its electrochemical 
gradient: this rate is low in resting excitable cells because of the low resting 
permeability of the membrane for Na*. Hence the Na*-K* pump can be 
represented macroscopically by a simple, reversible chemical reaction: 


Mot 


1 
3Na* + ATP = 3Nat + ADP+P,, (1) 


where P, refers to inorganic phosphate and the Mj; indicates the require- 

ment for extracellular monovalent cations, usually K>. K; has not been 

included in the equation directly because the coupling ratio with respect to 

Na;* appears to be less than unity and is probably variable (Skou, 1965; 

Mullins and Brinley, 1969) and the relatively small free energy change 
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associated with translocation of K* may be ignored (but see below). Further- | 
more, the affinity of the membrane ATPase “Mj; site” for Ky is only | 
relatively specific, i.e. in the absence of KY, Naj can be bound (Skou, 1960). 

It is precisely this last procedure, namely the removal of K;, that produces 
optimal conditions for the study of Na* exchange diffusion (Garrahan & | 
Glynn, 1967a). Indeed, in the presence of physiological Kf concentrations, | 
Na* exchange diffusion is probably insignificant (Garrahan & Glynn, 
1967a,b; Keynes, 1966; Sjodin & Beaugé, 1968). Upon removal of Kj, 
the consequent membrane hyperpolarization and substitution of Na 
the “Mj; site’ would convert the Na*-K* pump into a fully reversible | 
Na*-Na*t pump. As has been noted for Na* exchange diffusion, such a |} 
Na*-Na* pump would require the presence of ATP without causing any | 
net ATP hydrolysis (Garrahan & Glynn, 19675,c). 


Because the phenomenon of Na* exchange diffusion can be thus deduced |} 


from the macroscopic properties of the Na*-K* pump, given the single |} 
assumption that the pump normally operates close to thermodynamic i 
equilibrium, it should be stressed that, while the phenomenon must be 
incorporated into any hypothetical reaction mechanism for the Na*—K* 
pump, Na* exchange diffusion per se is of no special predictive value for |} 
arriving at a true picture of the reaction mechanism. The argument presented _ | 
here is largely independent of mechanism. It may be noted that the net rate |} 
of Na* extrusion in the normal quasi-equilibrium steady state determines, 
and is determined by, the membrane potential both directly, and indirectly | 
by the influence of membrane potential on Na* permeability. A significant |} 
disturbance of the system from equilibrium by increasing the concentration | 
of Na; may be expected to increase the rate of Na* extrusion and produce | 
a direct electrogenic effect on the membrane. Conversely, a so-called “‘non- } 
electrogenic pump” is merely a pump that is not significantly displaced from _ |} 
thermodynamic equilibrium. 

The question of the thermodynamic efficiency at which pumps operate is 
relevant to energetic studies of cardiac and skeletal muscle where it has been | 
shown that the transport of sodium and/or calcium ions forms a significant || 
energy load of each contraction cycle (Chapman, Gibbs & Gibson, 1970; || 
Chapman & Gibbs, 1972a,b). It has sometimes been claimed in the past for | 
example that the sarcoreticular Ca** pump of skeletal muscle operates with | 
a thermodynamic efficiency of 50% (Hasselbach & Makinose, 1963; Weber, | 
Herz & Reiss, 1963). Averaged over any particular contraction-relaxation 
cycle this would be true provided that the sarcoreticular energy gradient for 
Ca** became zero during activation and approximated 5kcal/mole at the |} 
end of relaxation, assuming a Ca* */ATP ratio of 2 (Hasselbach & Makinose, |] 
1963; Weber, Herz & Reiss, 1966). However at all other times the Ca*t 


> |} 
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pump would be more likely to operate close to 100% thermodynamic 
efficiency. This conclusion is supported by recent experiments on isolated 
sarcoplasmic reticulum by Makinose (1971) showing the incorporation of 
labelled P; into ATP coupled to Ca** exchange following the accumulation 
of a Ca** load. 

There is an important objection to the foregoing discussion that necessitates 
consideration of the detailed reaction mechanism of the Na*-K* pump. 
The finding that the ATP-P; exchange is low during Na* exchange diffusion 
might appear to invalidate the above view of a freely reversible reaction. 
However, it could be argued that the release of P; following Na; extrusion 
is dependent on the subsequent displacement of the extruded Na* by K;: 
displacement by Na; may not lead to release of P; but would allow for a 
reversal of the reaction. This argument is supported by the evidence indicating 
a requirement for KY in the dephosphorylation step of the transport reaction 
mechanism (Garrahan & Glynn, 1967d). Furthermore it must be allowed 
that the external or cofactor ions, designated M> in equation (1), may vary 
in the relative speed at which they permit the reaction to take place. Thus 
K; may be a more potent external cofactor for the reaction than Na*, in 
which case Na* exchange diffusion would be expected to be an intrinsically 
slow process relative to Na*-K* pumping. This view has been stressed 
recently by Beaugé & Ortiz (1971) in interpreting the fluxes of sodium and 
rubidium in rat red cells. However it would appear to this author that a 
distinction should be made between the possible ability of Na; to facilitate 
the forward reaction 

Na; +Naz + ATP > Na* +Na; +ADP+P; (2) 
which results in a net consumption of ATP owing to dephosphorylation of 
the carrier system, and the possible ability of Naj to participate reversibly 
in the reaction 

Na; +ATP+X = Naz +X—P+ADP (3) 
which, by operating reversibly without dephosphorylation, does not consume 
ATP. Both reactions would produce a Na, —Na; exchange but reaction (2) 
would depend on the ability of Naj to facilitate the dephosphorylation step 
whereas reaction (3) would not. Moreover reaction (2) would be expected to 
be practically irreversible because the breakdown of ATP is not coupled to 
any net increase in the free energy of Na”. It is suggested that reaction (3) 
would be more likely to dominate than reaction (2) under the experimental 
conditions which are optimal for Na* exchange diffusion. However, these 
hypothetical partial reactions are stated merely to illustrate the problem, 
not to exhaust the list of possible partial reactions. In cells in which there is 
an appreciable gradient against which Kj has to be pumped it would be 
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necessary to postulate further that the required portion of free energy is i) 
available from the dephosphorylation step normally facilitated by Ki. Clearly | 


it is important that, when attempting to incorporate microscopic (mechanistic) || 


observations within the macroscopic view presented here, attention should 
be paid to the magnitude of the supposed energy transformation involved in ||} 
each step together with the effects of the experimental conditions on the rate _ | 
at which each step can proceed. 

In view of the growing interest in the possible direct influence of meta- |} 
bolism on the action potential mechanism of excitable cells a further |} 
speculation may bear consideration. It is possible that the Na* conductance 
mechanism and the Na*-K* pump utilize the same membrane carrier 
system, the Na* conductance being a reflection of the degree of uncoupling 
between Na* movement and the synthesis or hydrolysis of ATP. Thus drugs 


such as tetrodotoxin would be seen as preventing the uncoupling reaction |} 


from taking place, whereas the cardiac glycosides would be seen as blocking | 
the coupled reaction without interfering with the uncoupling mechanism. 
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A Note on Spatial Localization and Oscillatory Cellular 
Dynamics 


Dr. M. H. Friedman of the Johns Hopkins University Applied Physics 
Laboratory has recently brought to my attention the paper of Glass & 
Kauffman (1972) which parallels a section of my own work on this problem. 
(The manuscript is currently being prepared). The work of Glass & Kauffman 
stresses the effect of spatial inhomogeneity of biological control systems on the 
stability of those systems and contains an excellent review of this problem 
area. 

Our results agree in two particulars. First, it seems clear that the specific 
function chosen for biosynthesis (Glass & Kauffman use the Heaviside 
function, the error function and the Hill function in their computer studies) 
has little effect on the stability of the system. I have obtained this result 
mathematically using only the general properties of a feedback function. 
Second, taken as a special case of the model I have worked with, the Glass & 
Kauffman model is seen to be capable of supporting oscillations. 

However, I feel that the case for this oscillatory behavior is overstated. 
The authors verify that the oscillations are not an artifact of the iteration 
time At. While this may be true, my own work indicates that the oscillation 
in one dimension is an artifact of compartment size. Glass & Kauffman have 
taken the compartment size to be unity: therefore the question never arises. 
On the other hand, if one partitions the (one-dimensional) cell into V segments 
each of length d, then the discrete model approximates diffusion as d becomes 
arbitrarily small (Noo). 

The results which relate to the Glass & Kauffman work are as follows. 


(i) If one chooses a partition of the line (i.e. fixes length d), then it is 
always possible to find a set of parameters (diffusion coefficients, 
decay rates, and site separation distance) such that the critical point 
is unstable. 

(ii) If, as seems more reasonable, one assumes that the experimental 
system has fixed these parameters, then it is always possible, in one 
dimension, to choose d such that the critical point is asymptotically 
stable. 

These conclusions hold only in one dimension: two and three dimensional 


models yield different conclusions which are of special interest. This suggests 
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that the existence of oscillations in a real system may depend upon geometric i 

configuration as well as dimensionality. | 

Concerning the possibility of oscillation in these and related systems, it is | 

important to stress the following ‘‘non-theorems” (personal communication: 

Drs Jones and Yorke, Institute of Fluid Dynamics and Applied Mathematics, | 
University of Maryland). 
| 


For a system whose solutions are bounded in phase space, (i) the ||} 
asymptotic stability of a unique critical point implies nothing about the | i) 
existence of an invariant manifold (limit cycle)—it may or may not} | 
exist; (ii) the instability of a unique critical point also implies nothing | | 
about the existence of an invariant manifold. 


Therefore, while the stability of the critical point (equilibrium) is — 1 
of global stability in a simple system, no rigorous statement of global | 
behavior is available. Computer simulations are an excellent method for |}} 
exploring such suggestions, but when dealing with an inhomogeneous system, | 
one must be wary of artifacts in both the time interval At and the space 
interval d. 
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ANNOUNCEMENT 
Katchalsky Fellowship Announced 


In honor of Aharon Katzir Katchalsky, a senior fellowship in biophysical 
chemistry applied to neuroscience has been established by the Neurosciences 
Research Program (NRP), according to its Chairman, Francis O. Schmitt. 
Professor Katchalsky, a victim of the May 30 massacre on Israel’s Lod 
Airport, was an active Associate of NRP since the first year of its founding, 
a decade ago. 

Administered by the Massachusetts Institute of Technology, the Katchalsky 
Fellowship, tenable at the NRP Center in Brookline (in the House of the 
American Academy of Arts and Sciences), will be flexible; in addition to NRP 
functions, Fellows may participate in other scholarly activities in the greater 
Boston area. A stipend appropriate to the professional status of the appointee 
will be provided. Documented nominations may be sent to The Katchalsky 
Fellowship Committee, Neurosciences Research Program, 280 Newton 
Street, Brookline, Massachusetts 02146 U.S.A. 
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